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The methods previously used to determine the momentum and 
kinetic energy of throughfall drops in the field do not 
account for the drop's shape at impact or for the variations 
of the drop's velocity caused by chaotic air currents. The 
drop's shape at impact is critical because it influences the 
drop's measurable momentum, kinetic energy, impact force, and 
the amount of soil that can be displaced by the falling water 
drop. Since the momentum and kinetic energy of raindrops and 
throughfall drops are used as indices of soil particle 
displacement the most accurate momentum and kinetic energy-
data would be required to produce the most accurate estimate 
of soil particle displacement. The purpose of this project 
was to develop and utilize a simple digital electronic 
instrument which could be used in the field to directly 
measure the momentum of throughfall drops and raindrops. 
The instrument consisted of a voltage amplifier, voltage 
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comparator, reference voltage, digital counting circuit and a 
digital display. The instrument was activated by an impact 
sensor constructed from an 8.0 ohm, 5.0 inch diameter audio 
speaker. A falling water drop's momentum was quantified as 
the amount of time (milliseconds) that the speaker's amplified 
voltage exceeded the reference voltage. The instrument 
displayed the drop's momentum as a function of time which was 
recorded and later converted into units of momentum (g*m/s) by 
an empirically determined calibration curve. 
The instrument was utilized in Benton County, Tennessee 
by measuring raindrop momenta during a single storm event and 
the throughfall drops produced by commercially planted 
loblolly pine trees and indigenous deciduous trees. The 
substitution of the loblolly pine for the deciduous trees 
represents a human induced change of the vegetation which 
could have an impact on the drainage basin's erosional 
characteristics. The purpose of the investigation was to 
determine if there were any differences between the sample 
means . The sample having the highest mean momentum would have 
the greatest potential to dislocate soil particles and cause 
subsequent soil erosion. 
The analysis of the sample data revealed that both of the 
throughfall drop momentum sample means (evergreen: 0.602 
g*m/s, deciduous: 0.355 g*m/s) were greater than the raindrop 
momentum sample mean, 0.02 8 g*m/s. The differences between 
the sample means suggested that the throughfall drops have a 
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greater potential to displace soil particles and cause 
subsequent soil erosion than the raindrops that produced the 
throughfall drops. Also, the evergreen throughfall drop 
momentum sample had the highest mean of the three samples, 
indicating that the evergreen throughfall drops had the 
greatest potential to displace soil particles. The non-
parametric Wilcoxon rank sum test was used to determine if the 
samples' respective population means were equal. The results 
of the Wilcoxon test indicated that both of the throughfall 
drop momentum population means were greater than the raindrop 
momentum population mean, thus reaffirming the results of the 
sample data analysis. However, the test indicated that the 
throughfall drop momentum population means were equal, 
suggesting that the evergreen and deciduous throughfall drops 
have equal potential to dislocate soil particles and cause 
subsequent soil erosion. 
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CHAPTER I 
INTRODUCTION AND STATEMENT OF PURPOSE 
Introduction 
Throughfall drops are the water drops that fall from the 
leaves, stems, and branches of plants as a result of the 
interception and coalescence of raindrops on plant surfaces. 
The kinetic energy 
KE (milli-Joules) = (0.5*m) * (V2) * (0.001 g/mg) (1) 
and momentum 
P (g * m/s) = m * V * (0.001 g/mg) (2) 
[where m is the drop's mass in milligrams and V is the drop's 
velocity in meters per second (Ouseph, 1986; Brandt, 1990)] of 
throughfall drops and raindrops can be used to estimate the 
amount of soil displaced from a given soil type by individual 
drops and entire storm events. Laboratory studies conducted 
by Sharma and Gupta (1989) and Sharma et al. (19 91) have shown 
that the relationship between the soil particle displacement 
for a given soil sample and the falling water drop's kinetic 
energy and momentum was linear, exhibiting regression 
coefficients of determination greater than 0.92. Other 
studies conducted by Al-Durrah and Bradford (1981 and 1982) 
and Nearing and Bradford (1985) compared the amount of soil 
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displaced from a given soil sample to the ratio of the 
impacting water drop's kinetic energy and the soil's shear 
strength. The relationship was generally linear exhibiting 
regression coefficients of determination greater than 0.87. 
Throughout this paper the term 'drop diameter' refers to 
a water drop's equivalent spherical diameter which is 
calculated from a drop's mass and the density of water. The 
mass of a water drop is calculated from the equation 
m = p * (d/2 .0) 3 * 4/3 * 7T (3) 
where m is the drop's mass in milligrams, p is the density of 
fresh water [0.998 mg/mm3 (Roberson et al. , 1980)] at standard 
atmospheric pressure and 20° C, and d is the drop's equivalent 
spherical diameter in millimeters. 
Throughfall drops can play a significant role in the 
process of soil particle displacement because they can possess 
more kinetic energy and momentum than raindrops. The increase 
of a throughfall drop's kinetic energy and momentum over that 
of a raindrop is due mostly to the throughfall drop's 
increased mass which is caused by the process of coalescence 
and drop formation on plant surfaces (Herwitz, 1987; Brandt, 
1988) . Studies conducted by Chapman (1948) , Mosley (1982) , 
Armstrong and Mitchell (1987) , and Brandt (1988) have shown 
that throughfall drops are larger than the raindrops which 
produce throughfall drops. Brandt (1989) determined that the 
size distribution of throughfall drops is independent of the 
rainfall intensity and that the average size of a throughfall 
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drop produced by a broadleaf plant is between 4.52 and 4.95 mm 
in diameter. For comparison, the median size raindrop for a 
rainfall intensity of 25.0 mm/hr would be approximately 2.22 
mm in diameter (Laws and Parsons, 1943) . The magnitude of a 
throughfall drop's kinetic energy and momentum over that of a 
raindrop is determined by the drop's velocity. The 
instantaneous fall velocity of a throughfall drop or raindrop 
is primarily determined by the drop's mass and its fall 
height. Immediately after a water drop detaches from its 
point of formation it will accelerate downward at a rate 
determined by the downward force of gravity, the upward force 
of atmospheric friction, the drop's mass and any chaotic air 
currents that will influence the drop's motion (Chow, 1979). 
Given a substantial fall height, 20.0 meters for example, a 
falling water drop will not infinitely accelerate towards the 
surface. When the drop has fallen a sufficient distance to 
allow the forces of gravity and atmospheric friction to become 
balanced (about 10.0 meters for water drops up to 6.0 mm in 
diameter) the drop's rate of acceleration will become zero and 
the drop will attain its terminal (constant) velocity (Chow, 
1979) . Variable air currents or air turbulence have the 
potential to either increase or decrease a drop's fall 
velocity (and therefore its kinetic energy and momentum) 
depending on the direction and the magnitude of the air 
current. 
To illustrate the difference between the kinetic energy 
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and momentum of throughfall drops and raindrops, consider the 
throughfall drop and raindrop data collected in a field study 
conducted by Armstrong and Mitchell (1987). The median drop 
diameter for a natural rainfall intensity of 13.1 mm/hr was 
estimated to be approximately 2.0 mm in diameter. [The median 
raindrop diameter (D50, mm) for a given rainfall intensity (I, 
mm/hr) can be calculated from the equation 
D50 = 1.238 * I0'182 (4) 
(Laws and Parsons, 1943) .] If a 2.0 mm diameter raindrop were 
falling at its terminal velocity of 6.49 m/s (Gunn and Kinzer, 
1949) it would have a kinetic energy of 0.088 mJ and momentum 
of 0.027 g * m/s. The paper staining method (discussed in 
chapter two) was used to measure the throughfall drop size 
distribution beneath a spruce forest canopy which had a lower 
canopy 2.0 meters above the surface. The median size 
throughfall drop produced by the spruce forest canopy was 
determined to be 4.4 mm in diameter. A 4.4 mm water drop 
falling a distance of 2.0 meters would attain a velocity of 
5.99 m/s [velocity value obtained from a Fortran program which 
calculates the fall velocity of water drops (Chow, 1979; 
Brandt, 1990)] with an associated kinetic energy of 0.799 mJ 
and momentum of 0.2 67, a difference of 0.711 mJ (momentum 
difference 0.24) more than the median size raindrop. In order 
to show the significance of this difference the above kinetic 
energy values were related to a sand splash experiment 
conducted by Sharma and Gupta (19 89) . Sharma and Gupta 
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determined that the threshold kinetic energy required to 
displace medium sized sand grains (0.425 to 0.50 mm in 
diameter) beyond a 16.0 mm diameter hole (bored into the 
splash collection plate and centered around the point of drop 
impact) onto a collection plate was 0.15 mJ. The median size 
raindrop would not possess enough kinetic energy (0.088 mJ) to 
displace any sand grains onto the collection plate, whereas 
the median size throughfall drop (0.799 mJ) would displace 
approximately 18.0 mg of sand onto the collection plate. It 
should be recognized that a forest's soil is usually protected 
from the kinetic energy and momentum of raindrops and 
throughfall drops by a layer of leaf litter. The concept of 
soil particle displacement by throughfall drops applies to 
forested lands where large areas of soil beneath or along the 
perimeter of the canopy have been exposed by animal or human 
activities. 
The kinetic energy, momentum, impact force and the amount 
of soil that can be displaced by a raindrop or throughfall 
drop are also a function of the drop's shape at impact 
(Nearing and Bradford, 1987). A water drop falling through 
the air has a generalized shape of an oblate-spheroid (Sharma 
and Gupta, 1989) which can be conveniently represented by two 
oblate semispheroids (shown in Figure 1) which share a common 
semimajor axis a, and minor semiaxes bl and b2 (Clift et al., 
1978) . The shape of a falling water drop oscillates around 
the typical oblate-spheroid shape. The two extreme phases of 
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oscillation are generically described as oblate and prolate, 
although a falling drop's lower surface is always flattened 
due to the increased hydrodynamic pressure present at the 
drop's lower surface. The frequency of oscillation is given 
Figure 1: The shape of a falling water drop. 
by the equation 
6 = 11.0 * d"1-s (5) 
where 0 is the oscillation frequency in hertz (hertz = cycles 
per second) and d is the drop's diameter given in centimeters 
(Nearing and Bradford, 1987) . The amplitude of oscillation 
decreases exponentially with time due to viscous damping 
effects as a drop falls through the atmosphere. 
The oscillation of a falling water drop's shape is 
sufficient to cause considerable differences of the drop's 
kinetic energy and momentum and the amount of soil displaced 
by a single water drop when the drop impacts the soil surface 
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in either the oblate or prolate phase of oscillation. For 
example, by changing a given water drop's fall height from 
57.0 to 62.0 to 67.0 cm the mass of the soil particles 
displaced from a soil sample was changed from 0.78 to 0.28 to 
0.88 grams per drop, respectively. The resultant drop shapes 
at the 57.0 and 67.0 cm fall heights were prolate while the 
drop shape for the 62.0 cm fall height was oblate (Nearing and 
Bradford, 1987) . 
The techniques previously used to determine the kinetic 
energy and momentum of raindrops and throughfall drops in the 
field do not measure a drop's actual impact characteristics. 
The field method consists of first measuring a drop's volume 
by employing the paper staining method or the flour pellet 
method (discussed in chapter two) . The drop's mass and 
diameter are calculated from the drop's measured volume. A 
drop's velocity is then estimated from the drop's size and 
approximate fall height using empirical water drop fall 
velocity data. The empirical fall velocity data of Laws 
(1941) can be utilized to determine the fall velocity of water 
drops falling from low heights (such as 2.0 to 3.0 meters) 
which would not allow a water drop to attain its terminal 
velocity. The empirical terminal fall velocity data of Gunn 
and Kinzer (1949) can be applied to raindrops and throughfall 
drops that fall from heights that will allow the water drop to 
attain its terminal velocity (fall height of 10.0 meters or 
more) . The drop's kinetic energy and momentum are then 
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calculated from the resulting mass and velocity values. This 
field method provides a reasonably accurate estimation of a 
falling water drop's kinetic energy and momentum. However, 
the method does not account for or measure the drop's shape at 
impact which has a significant effect on the drop's kinetic 
energy and momentum, and the amount of soil that can be 
displaced by the drop. Further, the method does not account 
for changes of fall velocity caused by air turbulence, since 
the data that are currently utilized to determine the fall 
velocity of a water drop were empirically derived from water 
drops falling in stagnant air conditions. 
The impact force (Newton, kg * m/s2) of falling water 
drops has been directly measured in the laboratory under 
stagnant air conditions by Nearing et al. (1986) and Nearing 
and Bradford (1987) . The equipment used for the measurements 
included a piezoelectric pressure transducer, a charge 
amplifier, and a waveform recorder. The pressure transducer 
used in the analysis was capable of measuring the change of a 
drop's impact force caused by the oscillation of the water 
drop's shape. Unfortunately, the entire component system is 
rather expensive (approximately $1500.00 for the pressure 
transducer and the charge amplifier alone) , and it is not 
practical to use in the field due to the transducer's small 
6.45 mm diameter sensing surface and the power requirements of 
the charge amplifier and the waveform recorder. 
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Statement of Purpose 
The purpose of this research was to develop an 
experimental and relatively inexpensive (approximately 
$100.00) digital electronic instrument that could be used to 
directly measure the momentum of throughfall drops in the 
field. The instrument, however, would not be capable of 
measuring a drop's mass or velocity components. The 
instrument would be capable of accounting for a drop's shape 
at impact. The instrument would also be able to measure the 
increased or decreased momentum of a falling water drop caused 
by air turbulence, with respect to the momentum of a water 
drop falling through stagnant air. Thus, the instrument would 
be an improvement over the previously used field methods which 
do not account for the changes of a falling water drop's 
momentum caused by air turbulence and drop shape at impact. 
The instrument would consist of a simple digital counting 
circuit based on the 555 Timer Integrated Circuit (IC), an 
impact sensor constructed from an audio speaker, a voltage 
amplifier, a reference voltage, a voltage comparator, a 
counter/display driver, a four digit LED (light emitting 
diode) display, and a 5.0 volt, direct current (VDC) regulated 
power supply. The instrument would rapidly generate, count 
and numerically display digital clock pulses as long as the 
speaker's amplified voltage exceeded the reference voltage. 
The instrument would cease generating clock pulses and display 
the total number of counted pulses when the drop's momentum 
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was absorbed and dissipated by the impact sensor and the 
speaker's amplified voltage fell below the reference voltage. 
Therefore, the number of counted pulses would be proportional 
to the momentum of the falling water drop. 
The instrument was calibrated by allowing 1/16, 3/32, 
1/8, and 5/32 inch diameter steel ball bearings to fall onto 
the impact sensor from several fixed heights. The 
instrument's numerical response to ten ball bearing impacts 
were recorded for each ball bearing size and fall height 
condition. The mean of each group of instrument responses for 
each ball bearing size and fall height condition were then 
plotted against the corresponding ball bearing's calculated 
momentum value to develop a calibration curve. 
The instrument was field tested during September 1995 in 
Benton County, Tennessee, where stands of commercially planted 
loblolly pine trees exist within and alongside an indigenous 
deciduous forest. The substitution of one forest type for a 
significantly different forest type represents a human induced 
change of the vegetation within the drainage basin. Changing 
the forest type will influence the drainage basin's hydrologic 
and erosional characteristics due to each forest canopys' 
structural differences and seasonal variations (Goudie, 1986) . 
The mechanical procedure of removing and replacing the forest 
(bulldozing logging roads and fire trails, and clear-cutting) 
will also invariably have a negative influence on the 
erosional characteristics of the drainage basin. The 
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evergreen forest canopy is several meters higher than the 
deciduous forest canopy, thus the evergreen's throughfall 
drops may be able to attain higher velocities than the 
deciduous throughfall drops. Therefore, the throughfall drops 
produced by the evergreen forest canopy may have higher 
momenta than the deciduous canopy's throughfall drops. The 
purpose of the field test was to use the instrument to measure 
the momentum of the throughfall drops beneath each forest 
canopy and the momentum of the raindrops that produced the 
throughfall drops. The data collected with the instrument 
were analyzed for significant differences between the 
populations using the non-parametric Wilcoxon rank sum test in 
order to make an inference regarding any differences between 
the population distributions. The Wilcoxon test was performed 
on the sample data in lieu of the parametric difference of 
means t test because the t test's assumption of normally 
distributed populations was not accepted. A significant 
difference between the throughfall drop momenta of the two 
forest canopies would indicate that the forest canopy having 
the higher throughfall drop momenta could produce more soil 
particle displacement and more subsequent soil erosion. A 
significant difference between the raindrop and throughfall 
drop momentum samples would indicate a similar consequence. 
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Hypotheses 
It was hypothesized that 
1) The sample means for both of the throughfall drops 
samples would have greater momenta than the raindrop 
sample. The difference between the throughfall drop 
population means and the raindrop's population mean would 
also be statistically significant. 
2) The throughfall drop samples would be different from 
each other in terms of the sample statistics and the 
samples' frequency distributions. However, the 
throughfall drops' population means may not be 
significantly different from each other since both forest 
canopies may have similar drop size distributions. 
CHAPTER II 
REVIEW OF PREVIOUSLY UTILIZED METHODS 
Introduction 
The following chapter reviews the methods used to measure 
the mass and velocity components of falling water drops in 
order to calculate a drop's momentum and kinetic energy. The 
methods used to measure the stress (g/cm2) and impact force 
(Newton) of falling water drops are also reviewed. 
The chapter is divided into four sections. The first 
section covers the methods used to measure the size and mass 
of falling water drops, including the paper staining method, 
the oil bath method, and the flour pellet method. The second 
section discusses Lenard's, Schmidt's, Laws', and Gunn and 
Kinzer's methods of measuring the velocity of falling water 
drops. The third section briefly reviews six studies which 
utilized the various methods and velocity data outlined in the 
first and second sections. The final section covers the 
methods used to measure the stress and impact force of falling 
water drops. Each subsection of the final section briefly 
discusses the results of the individual methods. 
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Measuring the Size and Mass of Falling Water Drops 
The paper staining method 
According to Laws and Parsons (1943) the size of 
raindrops were first measured in Germany around 1895 by J. 
Weisner who pioneered the paper staining method. The paper 
staining method was based on the assumption that a water drop 
that strikes and soaks into a filter paper that has been 
dusted with a water soluble dye will leave behind a stain 
whose diameter (D) is proportional to the drop's original 
diameter (d) . The method consists of momentarily exposing 
sheets of filter paper that have been dusted with a water 
soluble dye to falling raindrops and throughfall drops. A 
mathematical relationship between a drop's diameter and its 
corresponding stain diameter is established in the laboratory 
where water drops of known diameter and mass are dropped onto 
filter papers from various heights. Water drops are produced 
by allowing water to drip from glass capillary tubes or 
hypodermic needles of several sizes. The size of the water 
drop produced by a given capillary tube or hypodermic needle 
is proportional to the inside diameter of the tube or needle 
being used. The mass of a water drop created by a given 
capillary tube or hypodermic needle is determined by 
collecting ten to thirty water drops in a flask, weighing the 
collected water drops (minus the weight of the flask) and then 
dividing the drops' weight by the number of collected drops. 
A given water drop's diameter can then be calculated from its 
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mass by 
d = 2 * ( 3 /(m/ (p * 4/3 * 7r) ) ) (6) 
where d is the drop's diameter in millimeters, m is the drop's 
mass in milligrams and p is the density of fresh water [0.998 
mg/mm3, at standard atmospheric pressure and 20° C (Roberson 
et al. , 1980)] . In order to determine the diameter of a drop 
(d) which will produce a stain diameter D, the thickness of 
the filter paper (h) must be known where the units of d, D, 
and h are expressed in millimeters. The thickness of the 
filter paper can be found by equating the volume of a 
spherical water drop 
4/3 * ir * (d/2) 3 (7) 
to the volume of its resulting stain 
7r * (D/2) 2 * h, (8) 
and solving for 
h = (4/3) * ((d/2)3/(D/2)2) (9) 
(Laws and Parsons, 1943). Any drop's diameter can then be 
calculated from the equation 
d = 2 * (3 /h * 3/4 * (D/2)2). (10) 
The latter calculations have been simplified and improved over 
time to calculate a drop's mass from its stain diameter by an 
equation of the form 
M = a * db, (11) 
where M is the drop's mass in grams, d is the drop's 
corresponding stain diameter in centimeters, and a and b are 
the empirically derived coefficient and exponent, 
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respectively. Mosley (1982) determined the mathematical 
relationship between stain diameter and drop mass to be 
M = 0.0044* d2'01 (12) 
for his particular field study which utilized Whatman No. 1 
filter paper. The exact values used in the mass-diameter 
equation will vary with the type of filter paper used in the 
procedure and the filter paper's moisture content. Variation 
of moisture content can be controlled by storing the filter 
papers over a desiccating agent (Brandt, 1989) . Weisner's 
paper staining method has been utilized by Mosley (1982), 
Armstrong and Mitchell (1987), Brandt (1988, 1989) and 
Proffitt et al., (1991). 
The oil bath method 
The oil bath method (Gunn and Kinzer, 1949) is an 
accurate technique of measuring the size of small water drops 
(2.1 mm diameter or less) in either field or laboratory 
conditions. The oil bath method consists of capturing water 
drops in a shallow dish filled with a low viscosity oil such 
as vacuum pump oil. The diameter of a captured water drop is 
measured by viewing the drop under a medium power measuring 
microscope. Water drop size should be measured immediately 
after capture to reduce any loss of drop mass due to 
evaporation. A drop's mass can then be calculated based on 
its measured diameter. This method is accurate to less than 
two percent for water droplets less than approximately 0.29 mm 
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in diameter and less than 0.5 percent for water droplets up to 
2.67 mm in diameter. Water drops larger than 2.67 mm in 
diameter will acquire the shape of an oblate spheroid, rather 
than a sphere, in the oil bath. Since the water drops are 
measured from a point above the water drop, the oblateness of 
the water drop's shape would cause the drop to appear larger 
than it actually is when viewed from above. A total 
reflecting prism can be immersed in the oil bath and used to 
measure the vertical and horizontal dimensions of water drops 
larger than 2.67 mm in diameter for greater measurement 
accuracy. The most accurate water drop size measurements can 
be obtained in the laboratory by producing water drops using 
distilled water. Distilled water has a rather high surface 
tension which permits large water drops to remain essentially 
spherical in the oil bath. Gunn and Kinzer (1949) utilized 
the oil bath method in their research to determine the 
terminal fall velocity of water drops falling through stagnant 
air. 
The flour pellet method 
The flour pellet method was developed around 1904 by 
Wilson A. Bentley to measure the mass of raindrops (Laws and 
Parsons, 1943). The flour pellet method consists of 
momentarily exposing trays of sifted, uncompacted flour 1.0 
inch deep to falling raindrops and throughfall drops. 
Captured water drops are absorbed by the flour to produce a 
18 
flour pellet whose mass is proportional to the original drop's 
mass. In order to determine the mass of any water drop that 
forms a flour pellet, the ratio of water drop mass to flour 
pellet mass must be determined for several water drops of 
known mass. Water drops of several consistent sizes are 
created by allowing water to drip from variously sized 
capillary tubes. The mass of a water drop produced by a given 
capillary tube is determined by collecting ten to thirty water 
drops in a flask, weighing the collected water (minus the 
weight of the flask) and then dividing the drops' weight by 
the number of collected drops. Water drops of known mass are 
then allowed to fall into prepared flour trays. The dough 
pellets are allowed to harden before they are sieved out of 
the flour. The extracted pellets are then oven dried at a 
temperature of 110° C for one hour. All of the pellets 
associated with a particular drop mass are carefully weighed 
and the average pellet mass is computed by dividing the total 
pellet mass by the number of pellets in the sample. This 
process is repeated for several drops of differing mass. The 
drop mass to pellet mass ratio can then be calculated for each 
individual drop mass. Each of the average pellet mass classes 
is then plotted against its corresponding mass-ratio which 
should result in a strong linear relationship. The mass of 
any water drop captured in a flour tray can be determined by 
multiplying its corresponding oven-dried pellet mass to its 
associated mass-ratio from the mass-ratio to pellet mass 
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graph. The flour pellet method has been utilized by Bentley 
(1904), Laws and Parsons (1943), Chapman (1948), and Kneale 
(1982) . 
Measuring the Velocity of Falling Water Drops 
The velocity of water drops falling through stagnant air 
has been measured by Lenard, Wilhelm Schmidt (Laws, 1941), 
Laws (1941), and Gunn and Kinzer (1949). 
Lenard's method 
Lenard measured the fall velocities of water drops with 
diameters between 1.2 8 and 6.3 6 mm by suspending water drops 
in the air stream of a fan and measuring the air velocity 
required to suspend the drop. Lenard used the paper staining 
method to measure the drops' size as they slipped out of the 
air stream (Laws, 1941). 
Schmidt's method 
Schmidt used a constantly rotating device consisting of 
two discs mounted on a vertical axle to measure the fall 
velocity of raindrops 0.4 to 3.5 mm in diameter. A small 
sector was cut out of the upper disc. A piece of filter paper 
was attached to the lower disc. The device was exposed to 
rainfall and any drop that would pass through the sector on 
the upper disc would strike the filter paper on the second 
disc. The drop's size was calculated from the diameter of the 
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stain left on the filter paper. The drop's velocity was 
calculated from the displacement between the projection of the 
sector and the center of the drop's resulting stain on the 
filter paper (Laws, 1941). 
Laws's method 
Laws (1941) used a 9.0 cm by 12.0 cm still camera mounted 
behind a 'chopper disc' to calculate the velocity of falling 
water drops and the terminal velocity of raindrops. The 
chopper disc was a circular piece of paper 11-1/8 inches in 
diameter with sixteen 1.0 inch by 7/8 inch sectors cut out 
one-fourth of an inch from the disc's edge. The disc was 
mounted to a single phase synchronous motor which rotated at 
30.0 revolutions per second. The use of the chopper disc 
allowed multiple images of a single falling water drop to be 
recorded on a single film exposure when the camera's shutter 
was held open for 2.0 seconds and the field of view was 
illuminated with four No. 1 photo-flood lamps. The average 
velocity of a single drop was calculated as 
V = 4.81 * (h/n) (13) 
where V is the drop's average velocity in meters per second, 
h is the distance between the tips of the drop images at the 
top and the bottom of the photo in centimeters, and n is the 
number of breaks between individual drop images produced by 
the chopper disc. Water drops were formed by allowing water 
to flow through several glass capillary tubes of varying 
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inside diameters at a controlled rate. The average mass of 
each water drop was determined by collecting ten to thirty 
water drops in a flask, weighing the collected water (minus 
the weight of the flask) and then dividing the drops' weight 
by the number of collected water drops. 
Raindrop velocities were measured by mounting the camera-
chopper disc assembly beneath a 4.0 inch by 5.0 inch opening 
in the roof of a shelter built on top of the laboratory. A 
separate triggering mechanism was installed to briefly expose 
the camera's field of view to rainfall and activate the 
camera's light source simultaneously. Individual raindrop 
sizes were recorded using the flour pellet method by 
collecting the raindrops in flour trays placed below the 
camera's field of view. 
Gunn and Kinzer's method 
Gunn and Kinzer (1949) measured the terminal velocity of 
falling water drops by inducing an electromagnetic charge in 
the drops as they passed through an energized coil. Drops of 
distilled water were allowed to fall 20.0 meters in order for 
them to attain terminal velocity. The charge on a falling 
water drop was sensed by two inducing rings mounted 1.0 meter 
apart, one directly above the other. The signal from each 
inducing ring was amplified and sent to a moving tape 
oscillograph as a drop passed through the inducing rings. The 
moving tape oscillograph recorded the instant that a water 
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drop passed through an inducing ring as a peak on a graduated 
chart. The distance between the two peaks represented the 
time required for the drop to pass between the two inducing 
rings. A water drop's terminal velocity was calculated by 
v = 1/s (14) 
where s is the number of seconds required for the drop to pass 
between the two inducing rings. A correction factor was 
applied to the terminal velocity measurements to account for 
changes in atmospheric density that occurred during the 
investigation. Individual water drops were produced by 
allowing water to flow through hypodermic needles at a 
controlled rate. The sizes of small water drops were measured 
by collecting falling drops in a shallow dish filled with 
vacuum pump oil (oil bath method) . The diameters of the 
collected droplets were measured by viewing the drop under a 
medium power measuring microscope. The mass of each drop was 
then calculated based upon its measured diameter. The average 
mass of larger water drops were determined by collecting 
several water drops in a small aluminum container, weighing 
the collected water (minus the weight of the container) and 
then dividing the weight by the number of collected drops. 
Utilization of Methods and Fall Velocity Data 
M.P. Mosley (1982) utilized the paper staining method and 
the terminal fall velocity data of Gunn and Kinzer (1949) to 
calculate the kinetic energy of raindrops and throughfall 
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drops beneath a beech forest canopy in New Zealand. Mosley 
concluded that the kinetic energies of throughfall drops were 
1.5 times greater than raindrop kinetic energies. 
C.J. Brandt (1988) used the paper staining method, Gunn 
and Kinzer's (1949) terminal fall velocity data, and the fall 
velocity data of Laws (1941) to calculate the kinetic energies 
of raindrops and throughfall drops beneath a mixed evergreen 
tropical rain forest in Brazil. Brandt concluded that the 
kinetic energy per millimeter rainfall per square meter was 
increased from 18.19 J/mm/m2 to 31.83 J/mm/m2 and 22.09 
J/mm/m2 by single and multiple forest canopies, respectively. 
Armstrong and Mitchell (1987) utilized the paper staining 
method to record raindrop and throughfall drop sizes and 
impact location beneath corn, soybean, sycamore and spruce 
canopies. The results of their analyses revealed that the 
drop size distributions beneath the vegetation canopies were 
bimodal. The first mode represented the input rainfall having 
drop diameters ranging from 0.75 to 3.25 mm. The second mode 
represented throughfall drops having diameters ranging from 
3.5 to 7.25 mm. 
Proffitt et al. (1991) used the paper staining method to 
measure the mean drop diameter of water drops falling 9.0 
meters from a rainfall simulator. The fall velocity data of 
Laws (1941) were used to estimate the drops' fall velocities 
and calculate the kinetic energy per square meter of the mean 
drop size (2.24 mm) which was 22.8 J/m2 per millimeter of 
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rainfall. These data were used to investigate the 
concentrations and settling velocities of sediment eroded by 
simulated rainfall for situations where low slopes and 
significant depths of ponded water are dominant. 
Chapman (194 8) used the flour pellet method to measure 
the mass of raindrops and throughfall drops beneath a red pine 
plantation near New Haven, Connecticut. The fall velocity 
data of Laws (1941) and the average volume distribution data 
of Laws and Parsons (1943) were used to calculate the kinetic 
energy of falling water drops per square foot of soil surface 
for rainfall intensities up to 6.0 inches per hour. Chapman 
concluded that the kinetic energy of falling water drops per 
square foot per inch of rainfall was greater beneath the red 
pine canopy than in the open for rainfall intensities less 
than 2.0 inches per hour. Chapman used the average volume 
distribution data of Laws and Parsons (1943) to further 
estimate that the kinetic energy of falling water drops per 
square foot per inch of rainfall was greater in the open than 
beneath the red pine canopy for rainfall intensities between 
2.0 and 6.0 inches per hour. This estimate was not considered 
to be critical because a small percentage of the rainfall in 
Connecticut rarely exceeds intensities of 2 .0 inches per hour. 
Kneale (1982) used the flour pellet method to measure the 
drop size distribution of low intensity rainfall at a site in 
northern England. Rainfall momentum and kinetic energy were 
calculated based on the raindrop terminal velocity data 
provided by Best (1950; Best does not reveal his source for 
the raindrop terminal velocity values presented in his 
article) . Kneale concluded that measurable amounts of 
rainsplash occur with low rainfall intensities of 0.3 to 5.0 
mm/hr and that upslope soil splash was significantly related 
to rainfall intensity, momentum and kinetic energy. 
Measuring Water Drop Impact Forces 
Palmer (1965) used a foil type spiral strain gage glued 
to the bottom of a rubber membrane to measure the stress of 
single water drops striking the rubber membrane and water 
layers overlying the membrane. The water level above the 
membrane was set at depths of 2.0, 4.0, 6.0, 8.0, 10.0, 15.0, 
20.0, and 30.0 millimeters. Water drops having equivalent 
spherical diameters of 2.9, 4.7, and 5.9 millimeters were 
formed by a metal tube mounted directly below a column of 
water that could maintain a constant head. The three 
different drop sizes were produced by changing the size of the 
metal tube or the height of the water column. All water drops 
fell a distance of 5.0 feet (1.524 meters) onto the target. 
Strain values of the impacting water drops were determined by 
measuring the amplitude of the strain gage's output voltage on 
an oscilloscope. The measurements were recorded by taking a 
Polaroid picture of the oscilloscope's output. A stress-
strain calibration curve was developed by placing static loads 
on the strain gage. The strain values (cm/cm) of the 
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impacting water drops were then converted into values of 
stress (g/cm2) by utilizing the stress-strain calibration 
curve. 
The analysis revealed that the highest stress values were 
produced when the water drops fell into a water layer having 
a depth similar to the diameter of the impacting water drop. 
The critical water layer depth for producing maximum water 
drop impact stress values was determined to occur in the 
region where a 1:1 relationship exists between the impacting 
drop's diameter and the depth of the water layer. This 
relationship was further tested by exposing nine silty clay 
loam soil samples to 100 water drop impacts for each of the 
three water drop sizes and the 0.0, 2.0, 4.0, 6.0, 8.0, 10.0, 
15.0, 20.0, and 30.0 millimeter water layer depths. All of 
the soil samples were prepared in the same manner, and each 
test was repeated eight times. The analysis focused on the 
amount of soil lost from the soil sample for each drop size 
and water layer depth condition. The experiment revealed that 
maximum soil loss occurred when the depth of the water layer 
was similar to the diameter of the impacting water drop, thus 
confirming the 1:1 relationship between the diameter of the 
impacting water drop and the critical water layer depth. A 
water layer depth greater than the diameter of the impacting 
water drop decreases the drop's stress and the resulting soil 
loss as the water layer absorbs the drop's impact force. A 
water layer depth of 20.0 mm was found to be equivalent to the 
absence of a water layer on the soil surface. 
27 
Kowal et. al (19 73) developed a simple instrument which 
could measure rainfall energy load, drop size distribution, 
and rainfall intensity to complement soil erosion and surface 
runoff studies. The impact sensor consisted of a 4.0 
centimeter diameter, 2.0 millimeter thick lead zirconate 
titanate (PZT) piezoelectric transducer element mounted in a 
methacrylate resin (Perspex) housing. The housing was 
machined slightly larger than the transducer element so that 
the housing would not apply any stress to the transducer. The 
transducer was attached to the housing with Evostick adhesive. 
The transducer element's upper surface was electrically 
insulated with a thin coat of nail varnish. The transducer 
element was also coated with a silicon fluid to allow water 
drops to easily roll off when the transducer's surface was 
slightly tilted. The transducer's sampling area was limited 
by a conical hood having a central opening of 32.0 millimeters 
in diameter mounted over the transducer element. The hood 
also served to eliminate false vibrations caused by wind 
gusts. A metal tube embedded in the housing provided a handle 
for the transducer and protected the transducer's lead wires. 
A four stage amplifier was used to amplify and filter the 
transducer's output voltage. A potentiometer (variable 
resistor) was installed between the amplifier's second and 
third stage to adjust the amplitude of the signal sent to the 
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recording device. The amplifier's output was recorded by a 
moving chart recorder with a chart rate of 5 . 0 centimeters per 
minute. The instrument was calibrated by plotting the 
momentum of a range of falling water drops to their 
corresponding signal amplitudes as recorded on the chart 
recorder. 
The data collected from a single rainfall event were used 
as an example to show how the instrument's output was 
converted into the event's drop-size distribution. 
Imeson et. al (1981) developed an instrument to measure 
the impact force, kinetic energy, and momentum of raindrops 
and water drops in the field and in the laboratory 
respectively. Imeson used a 5.0 centimeter diameter, 1.0 
millimeter thick lead zirconate titanate ceramic transducer 
element as the impact sensor, which is similar to the 
transducer element used by Kowal et. al (19 73) . The 
transducer element was mounted on top of a 6.5 centimeter 
diameter teflon cylinder using a silicon rubber adhesive. The 
transducer disk was mounted flush with the top of the cylinder 
to allow water to drain from the disk. Water drainage was 
also facilitated by applying a water repellant silicon coating 
to the transducer's surface. A funnel shaped shield having an 
opening 3.0 centimeters in diameter was placed on top of the 
housing to limit the transducer's target area and to prevent 
water drops from directly striking the housing which would 
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produce false output readings. 
The transducer was calibrated by dropping water drops of 
known size onto the transducer from 0.5 to 12.0 meter heights 
at 0.5 meter increments. The water drops' fall path was 
protected from air turbulence by a 40.0 centimeter diameter 
pipe. Four different sizes of water drops (2.66, 2.95, 3.95, 
and 5.77 millimeter diameter) were formed by calibrated 
capillary tubes fed by a constant head device. The 
transducer's response was not uniform across its surface. In 
general the transducer's response to water drop impacts 
decreased outward from the center of the transducer. 
The transducer's output was first amplified by an 
amplifier circuit installed in the transducer housing before 
being sent to a control unit. The control unit digitized the 
transducer's output voltage by utilizing a voltage to 
frequency converter. A logic control system ensured that the 
generated output frequency was proportional to the amplitude 
of the input voltage pulse. The digitized pulse was then 
converted into a binary code which was recorded by a digital 
tape recorder. The control unit could also act as a data 
logger by sampling water drop impacts for a preset sampling 
frequency and duration. The sampled impact data were then 
held in a memory before being transmitted to the digital tape 
recorder. 
The calibration procedure produced a range of output 
voltages for each water drop size and fall height condition. 
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The magnitude of the range increased with fall height. In 
general, the relationship between fall height and voltage 
output was linear for fall heights up to about 6.0 meters. 
The relationship between fall height and voltage output would 
fluctuate sinusoidally beyond the 6.0 meter fall height. 
Imeson stated that this fluctuation was probably due to the 
variable sensitivity across the surface of the transducer and 
to the oscillation of the shape of a falling water drop. 
The data of Laws (1941) were used to calculate the force, 
kinetic energy, and momentum for each water drop size and fall 
height condition. Plotting the momentum values against their 
corresponding voltage output values produced individual linear 
relationships for each drop size. Force values were 
calculated from the equation 
F=m*V2/d (15) 
where m is the drop's mass, V is the drop's velocity and d is 
the drop's equivalent spherical diameter. Imeson stated that 
the force equation only ^provided an approximation of the 
drop's actual force because the drop's equivalent spherical 
diameter does not account for the drop's actual shape at 
impact. 
The kinetic energy values were very closely related to 
voltage output, although the largest drop size class did tend 
to deviate from the linear relationship at high kinetic energy 
values. The relationship between kinetic energy and voltage 
output was used to develop a predictive linear equation. 
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A sand-splash experiment was conducted to determine the 
relationship between the amount of sand that could be removed 
from a container by a falling water drop and the voltage 
output for the given drop size and fall height. All of the 
sand samples were prepared in the same manner. A total of 
twenty-five water drops were allowed to strike each sand 
sample before collecting the splashed sand. The experiment 
resulted in a strong linear relationship between the amount of 
sand splashed per twenty-five drops and the transducer's 
output voltage for the given drop size and fall height 
condition. The linear regression analysis produced a 
correlation coefficient of 0.93 for the grouped data. 
Nearing et al. (1986) used a Kistler model 607C1 
piezoelectric pressure transducer to measure the force versus 
time relationship of 3.31, 3.83, 4.51 and 5.25 mm diameter 
water drops falling from a height of 14.0 meters. A PCB model 
113A02 piezoelectric pressure transducer was also used to 
measure the force versus time relationship of 3.31, 3.83, and 
4.51 mm diameter water drops falling from a height of 14.0 
meters. The Kistler transducer had a sensing surface 6.45 mm 
in diameter whereas the PCB transducer had a smaller sensing 
surface of 5.54 mm in diameter. The impact force of the 5.25 
mm water drops were not measured with the PCB transducer due 
to its smaller sensing surface. The charge from both 
transducers was amplified by a Kistler model 5004 charge 
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amplifier. The charge amplifier's output was recorded with a 
Hewlett Packard model 5182A waveform recorder at a rate of one 
point per microsecond (/xs) for a period of 512 //s for each 
measured water drop impact. The Kistler transducer was 
calibrated in force units (Newton, kg * m/s2) using a shock 
tube which creates discretely increasing steps of pressure 
with rise times on the order of 1.0 pis. The transducer 
responded to the calibration pressure steps with rise times 
between 5.0 and 6.0 us. The Kistler pressure transducer had 
a resonant frequency of 250,000 Hz which was filtered down to 
68,000 Hz to produce a system rise time of 5.1 [is. An 
unfiltered transducer has a normal rise time of 1.5 fj. s 
(Kistler, 1993) . The PCB transducer was not calibrated in the 
shock tube due to technical problems which occurred after the 
force measurements were recorded. The manufacturer's 
calibration constant was used in place of the shock tube 
calibration. The PCB transducer had a resonant frequency of 
450,000 Hz which was filtered down to 180,000 Hz to produce a 
system rise time of 1.9 IJLS (Nearing et al. , 1986) . 
Consistently sized water drops were produced by three 
different custom-made drop formers which were mounted to the 
variable height platform of a raindrop tower which is similar 
to the raindrop tower designed by Al-Durrah and Bradford 
(1981). The raindrop tower was surrounded by a cylinder of 
polyethylene sheeting to protect falling water drops from air 
currents. The rate at which water drops were formed is not 
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known, although Sharma and Gupta (1989), using a raindrop 
tower similar to the one designed by Al-Durrah and Bradford 
(1981), used a flow rate of about sixty drops per minute in 
their research. The rate of drop formation is rather high 
because the probability of a single water drop striking the 
target (especially when falling from large fall heights) is 
relatively low (Sharma and Gupta, 1989) since the path of a 
falling water drop will generally drift horizontally (Al 
Durrah and Bradford, 1981). 
The results of the analysis revealed that the peak impact 
force of the observed water drops occurred between 13.0 and 
21.0 /is and decreased with increasing drop size. The average 
impact forces for the 3.31, 3.83, 4.51, and 5.25 mm water 
drops were 1.03, 1.65, 2.55, and 3.76 N, respectively. The 
instantaneous impact force for all water drops decreased to 
0.5 N after approximately 100.0 fis. 
Nearing and Bradford (1987) used a Kistler 607C1 
piezoelectric pressure transducer to measure the mean peak 
impact force of 3.31, 3.83, and 4.51 mm diameter water drops 
falling from 0.5, 1.4, 3.3, 6.4, and 14.0 meter heights. The 
pressure transducer was also used to measure the fluctuating 
water drop impact force caused by the oscillation of a water 
drop's shape by changing the fall height by 2.0 centimeter 
increments. The pressure transducer was capable of measuring 
a 0.02 Newton difference between the 139.0 and 141.0 cm fall 
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heights for the 3.31 mm diameter water drop. The impact 
velocity, fall time, oscillation length, kinetic energy and 
momentum for each drop size and fall height condition were 
calculated from the data provided by Laws (1941) . 
Consistently sized water drops were produced by three 
different custom-made drop formers. The drop formers were 
mounted to the variable height platform of a raindrop tower 
similar to the raindrop tower designed by Al-Durrah and 
Bradford (1981). The raindrop tower was surrounded by a 
cylinder of polyethylene sheeting to protect falling water 
drops from air currents. The tower utilized a two stage 
baffle system to eliminate water drops that drifted outside of 
the 1.6 cm diameter target path. 
The transducer's output signal was amplified and filtered 
by a Kistler model 5004 charge amplifier. The output from the 
charge amplifier was recorded by a Hewlett Packard model 5128A 
waveform recorder at a rate of one point per microsecond for 
a period of 512.0 pis for each measured water drop impact. The 
transducer was calibrated in a shock tube which placed 
discretely increasing steps of pressure on the transducer with 
rise times on the order of 1.0 pis. The transducer responded 
in a highly linear manner having response rise times to the 
pressure steps between 5.0 and 6.0 pis. 
The only problem encountered using the pressure 
transducer was related to the transducer's small 6.45 mm 
diameter sensing surface. Many of the drops that fell onto 
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the transducer did not land completely on the sensing surface 
which yielded inaccurate results. The accuracy of drop 
impacts were determined by examining the splash pattern that 
formed on the transducer's aluminum mounting block following 
a water drop impact. Drops which fell completely on the 
sensing surface formed a single water-ring centered on the 
sensing surface after impact. The data corresponding to any 
other splash pattern were rejected. 
Nearing and Bradford (1987) concluded that the mean peak 
impact forces of water drops were a unique quadratic function 
of KE/d2 (KE is drop kinetic energy and d is drop diameter) 
for all drop sizes and fall heights tested. The mean peak 
forces of water drop impact were also unique quadratic 
functions of either drop momentum or kinetic energy for 
individual fall heights. However, the relationship varied 
among the different fall heights. Mean peak impact forces 
were linearly related to the term 
(p/C) * d2v 3 (16) 
where p is the density of water (0.998 mg/mm3) , C is the 
velocity of the compressional wave in water, d is the drop 
diameter and v is the kinematic viscosity (m2/s) of water. 
Peak forces of water drop impact varied sinusoidally with 
small changes in drop height caused by the oscillation of a 
drop's shape. The amplitude of the sine wave decreased 
exponentially as a function of fall time. 
CHAPTER III 
INSTRUMENT OPERATION AND CONSTRUCTION 
Introduction 
The operation of the instrument used in this study was 
based on the fact that a small voltage is induced in an audio 
speaker's coil when the coil moves or vibrates within the 
speaker magnet's magnetic field. The small voltage induced in 
the speaker's coil can therefore be amplified and used as an 
indicator of motion or vibration within the speaker's vertical 
axis. The utility of the instrument was for comparing 
throughfall drop and raindrop momentum measurements collected 
in the field. The instrument measured and displayed the time 
in micro-seconds {/IS) that the speaker's motion induced 
voltage exceeded a reference voltage. The following chapter 
discusses the operation of the instrument, the individual 
circuit designs, and the construction of the instrument and 
the impact sensor. 
Instrument Operation 
One-half of a LM358 dual operational amplifier (see 
Figure 2) amplifies the voltage induced in the speaker's coil 
whenever the speaker cone vibrates or is set in motion by the 
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Figure 2: Instrument circuit diagram. 
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force of a falling object. The negative biased voltage, the 
negative voltage induced in the speaker's coil when the 
speaker's cone rebounds in response to a momentary downward 
force, is amplified but it is not registered by the 
instrument. The second half of the LM358 was configured as a 
voltage follower (VIN=VoUT) which provides a constant reference 
voltage of 2.34 volts and approximately 47.0 mA. The 
magnitude of the reference voltage inhibits small vibrations 
or wind gusts from being registered by the voltage comparator. 
The LM311 voltage comparator compares the speaker's amplified 
voltage to the reference voltage. The LM311 will activate the 
LM555 timer via the 2ND636 transistor whenever the speaker's 
amplified voltage exceeds the reference voltage. The LM555 
timer's output pulse train is then counted and displayed on a 
four digit multiplexed display by the MM74C925 counter/display 
driver. The instrument thus measures the amount of time that 
the speaker's amplified voltage exceeds the reference voltage. 
In order for the voltage associated with the downward 
motion of the speaker cone to be sent to the amplifier, the 
speaker's negative lead was connected to the amplifier's input 
and the speaker's positive lead was connected to ground. If 
the speaker's polarity was reversed, the voltage associated 
with the upward motion (rebound) of the speaker would be sent 
to the amplifier. Surprisingly, reversing the speaker's 
polarity would allow the user to calibrate the instrument for 
units of kinetic energy. If momentum units are used when the 
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speaker's polarity is reversed, the calibration 'curve' would 
consist of several lines, each line coinciding with the size 
of the individual ball bearings used in the calibration 
procedure. The same result is encountered when the speaker's 
polarity is arranged for units of momentum, but the instrument 
is calibrated for units of kinetic energy. 
Circuit Designs 
The speaker's voltage amplifier design was derived from 
the typical application circuits outlined in the National 
Semiconductor Corporation's (1982) linear data-book. The 
amplifier was configured as a non-inverting DC amplifier with 
a voltage gain of 216.517 or 46.7 dB. The speaker was 
connected to the amplifier's input by a resistor-capacitor low 
pass filter with a stopband of 15,915 Hz. The value of the 
stopband was determined experimentally. The low pass filter 
slightly decreases the instrument's sensitivity by limiting 
the current fed into the amplifier and by diverting 
frequencies higher than 15,915 Hz to ground. 
The voltage comparator's configuration was also derived 
from the typical application circuits outlined in the National 
Semiconductor Corporation's (1982) linear data-book. The 
LM311 was configured using a modified version of the 
conventional positive feedback circuit. The modified circuit 
enables the LM311 to operate from a single polarity power 
supply while providing internal positive feedback. The 
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internal positive feedback prevents the comparator's output 
from oscillating which would cause the instrument to operate 
improperly. 
The LM311's output was coupled to the LM555 timer IC by 
a 2ND636 NPN transistor. The transistor was installed as a 
precautionary measure to reduce the current load handled by 
the LM311. 
The LM55 5 timer was configured as a gated monostable 
oscillator as described by Mims (1984). The LM555 normally 
produces a rectangular output waveform with a duty cycle 
greater than 50%. In order to create a square output waveform 
having a duty cycle of 50%, the timer was configured using two 
1N914 silicon diodes as described by Bell (1981) . The 
advantage of using the square waveform over the rectangular 
waveform was that the square waveform offers a faster, more 
uniform output while using slightly smaller resistances than 
those required to produce the rectangular waveform. 
The LM555's output is fed directly into the MM74C925 
counter/display driver. The MM74C925 counts the LM555's 
output pulses and numerically displays the number of counted 
pulses on a four digit multiplexed LED display. The counter 
is reset to zero by a 5.0 VDC relay controlled by a momentary 
push-button switch mounted on the top of the instrument 
housing. 
Power was delivered to the instrument by a 7805 5.0 VDC 
voltage regulator (see Figure 3) as described by Mims (1986). 
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Figure 3: Voltage regulator circuit. 
The voltage regulator provided a continuous output of 5.0 VDC 
with a maximum current output of 1.5 amps. The use of the 
voltage regulator allowed the instrument to be powered by AC 
line power (converted to DC with a step-down transformer and 
a half-wave bridge rectifier) or virtually any 6 to 24 cell 
battery pack for stationary and portable use, respectively. 
The leads which supplied positive voltage to the LM358, 
LM311, LM555, and MM74C925 were all coupled to ground (the 
power supply's negative pole) by O.OlpiF capacitors (not shown 
on schematic) to absorb noise spikes on the power supply 
lines. Digital logic gates (IC's) create noise spikes on 
their power supply lines whenever the gate changes its logic 
state. The noise spikes may cause other nearby IC's to act 
abnormally, glitch or malfunction (Carr, 1987). The 0.01/xF 
capacitors divert the noise spikes to ground. 
IUUU ujxr 
Input voltage 
7VDC to 35VDC 
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Building the Instrument 
All of the instrument's components are listed in Table 1. 
Components marked by an asterisk (*) were salvaged from 
discarded computers and VCR's. All salvaged components were 
tested for proper operation prior to being installed in the 
instrument's circuit. 
The instrument's electrical components were assembled on 
a hand drawn double-sided copper clad printed circuit (PC) 
board. The majority of the electrical connections (traces) 
between the instrument's components were drawn on the bottom 
of the PC board. The positive and negative power supply leads 
and a ground plane were drawn on the top of the PC board. The 
ground plane shields the IC's from noise spikes and external 
sources of interference, both of which can cause the IC's to 
operate improperly or glitch. All copper traces that would 
not be covered by solder received two coats of clear nail 
enamel to inhibit the corrosion of the copper and to insulate 
the traces from potential short circuits. The voltage 
regulator, transistors, resistors, and capacitors were all 
soldered directly to the PC board. The IC's were connected to 
the board by DIP (dual in-line package) sockets which were 
soldered to the board. The LED display modules were mounted 
to the PC board using SIP (single in-line package) sockets. 
The use of the DIP and SIP sockets protected the IC's and the 
LED display modules from being over-heated and potentially 
damaged during the soldering process. The sockets also 
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Table 1: Instrument component list. 
Integrated Circuits 
LM358 dual low power operational amplifier 
LM311 voltage comparator 
LM555 timer (*) 
MM74C925 four digit counter/display driver 
7805 +5.0 VDC voltage regulator (*) 
Resistors 
(3) 1.0MQ 1% metal film 
(1) llO.Okfi 5% carbon 
(1) 100.0k 1% metal film 
(5) lO.OkQ 1% metal film 
(1) 4.7kQ 1% metal film 
(1) 4.64kfi 1% metal film 
(1) 3.01kQ 1% metal film 
(7) 150.Ofi 1% metal film 
(1) 5 . OkQ cermet potentiometer 
Capacitors 
(3) O.OOlpiF, COG temperature coefficient 
(1) 0 . 022ptF, COG temperature coefficient 
(4) 0 . 01/xF 
(1) 1000.OpiF electrolytic (*) 
(1) 2 . 2FJ.F electrolytic (*) 
Diodes 
(3) 1N914 silicon 
Transistors 
(5) 2ND636 NPN (MPS3904 NPN equivalent) (*) 
Other 
(1) Aluminum heatsink for 7805 (*) 
(2) Two digit, seven segment LED display module 
(1) 5.0 VDC relay 
(1) SPST momentary switch (*) 
(1) 16 pin DIP socket 
(3) 8 pin DIP socket 
(4) 9 pin SIP socket 
(1) Double sided copper clad board 
(1) 5.0 inch diameter, 8.0Q speaker with foam surround 
(1) 7.2VDC, 800mA, 6-cell, Ni-cad battery 
(1) Polyester resin and fiberglass cloth 
(1) 1/16 inch thick neoprene 
(1) Heavy duty single conductor microphone wire with shield 
(1) 6.0" X 3-3/16" X 1-7/8" plastic enclosure 
44 
allowed the IC's and the displays to be easily removed and re-
installed in case the components malfunctioned or if in-
circuit testing of adjacent components was required. 
The PC board was housed in a 6.0 X 3-3/16 X 1-7/8 inch 
plastic enclosure. The PC board was mounted to four plastic 
'L' brackets which were glued to the inside of the housing. 
The 'L' brackets supported the PC board above the battery pack 
and the CN-OFF switch. The digital display was viewed through 
a 20.0 mm X 53.0 mm rectangular opening which was cut out of 
the housing's lid. The hole was sealed with a Plexiglas 
window which was glued to the inside of the housing's lid with 
silicon adhesive. The reset switch was also mounted to the 
housing's lid by a 3.0 mm thick, 27.0 mm square plate of ABS 
plastic. The switch protrudes through a 0.5 inch diameter 
hole drilled through the plastic mounting plate and the 
housing's lid. The opening in the lid was sealed with a 2 7.0 
mm square section of 1/16 inch thick neoprene which was set 
between the housing's lid and the reset switch mounting plate. 
A 6.0 inch section of two-conductor wire was used to connect 
the reset switch to the PC board. 
The speaker was a generic 5.0 inch diameter, 8.0 ohm 
speaker with a foam surround and a paper cone. The foam 
surround is a critical feature because it isolates the speaker 
cone from the speaker's metal frame. The mechanical isolation 
makes the speaker insensitive to the distortion of the 
speaker's metal frame caused by temperature changes. Speakers 
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having paper surrounds were found to be very sensitive to 
small temperature fluctuations. The speaker cone was made 
water-proof by applying two coats of polyester resin to the 
inside of the cone. A stiff bristled acid brush was used to 
force the resin into the cone's paper fibers. The speaker's 
frame had six rectangular ports which exposed the underside of 
the speaker cone and the coil's protective surround or 
'spider.' Four of the six ports were completely sealed with 
clear packaging tape. The remaining two ports were partially 
sealed with clear packaging tape because the chamber below the 
speaker cone had to remain open to allow air to move in and 
out of the chamber, thus allowing the cone to move freely. 
Each of the two ports was also a feed-through point for the 
coil1s lead wires which are attached to the speaker cone and 
to the speaker's frame. The coil's lead wires must remain 
free to move so as to not bias the motion of the speaker cone 
or damage the coil wires or the speaker cone. 
A 3-1/2 inch (88.9 mm) diameter, 5/64 inch (1.984 mm) 
thick, flat impact plate was fabricated from fiberglass cloth 
and polyester resin. Three pieces of fiberglass cloth were 
compressed with the polyester resin between two plates of 
glass. The thickness of the fiberglass plate was controlled 
by placing four small scraps of 5/64 inch diameter steel rod 
between the glass plates. The finished impact plate was glued 
to the upper rim of the speaker cone with a thin bead of 5-
minute epoxy, being careful to not get any epoxy on the 
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speaker's foam surround. 
The 7.2 volt battery pack was mounted beneath the PC 
board in the enclosure. A 1/4 inch thick section of foam 
rubber was placed in between the battery and the PC board to 
hold the battery in place and to protect the battery from the 
sharp component leads protruding from the underside of the PC 
board. The ON-OFF switch was mounted on the inside bottom of 
the enclosure next to the battery pack such that the switch 
would hold the battery in place. The speaker was connected to 
the PC board by a section of heavy-duty, single conductor, 
shielded microphone wire. The shield prevents external 
interference from being transmitted to the amplifier through 
the signal wire. 
CHAPTER IV 
CALIBRATING THE INSTRUMENT 
Introduction 
Steel ball bearings, rather than water drops, were used 
to calibrate the instrument since water drops are compressible 
(Nearing and Bradford, 1987) and would not deliver a 
consistent impact force to the impact sensor. The methods and 
equipment used to calibrate the instrument are discussed in 
this chapter. A prototype instrument (not discussed here) was 
very sensitive to small temperature changes which caused the 
instrument to yield undesirable results. Therefore, the 
temperature stability of the present instrument was tested 
prior to the calibration procedure. The impact sensor's 
surface sensitivity variation was also tested to determine if 
any such variation would be problematic. The methods and 
results of the temperature stability and the surface 
sensitivity variation tests are also described in this 
chapter. 
Calibrating the Instrument 
The instrument was calibrated in units of momentum 
(g*m/s) by dropping 1/16 (1.5875 mm), 3/32 (2.38125 mm), 1/8 
47 
48 
(3.175 mm), and 5/32 (3.96875 mm) inch diameter steel ball 
bearings onto the impact sensor from heights of 0.2 to 8.0 
meters at 0.2 and 0.4 meter increments. 
In order to calculate each ball bearing's momentum for a 
given fall height, the ball bearing's mass and velocity must 
be determined. The average mass of each size of ball bearing 
was determined by measuring the mass of sixty ball bearings 
and dividing the total mass by sixty. Calculating the ball 
bearing's velocity required that the density of each ball 
bearing size be calculated. The density of each size of ball 
bearing was calculated based upon the measured mass and 
calculated volume. The size, mass, and density of each of the 
ball bearing sizes are listed in Table 2. 
Table 2: Ball bearing dimensions and parameters. 
in. mm mass (mg) density (mg/mm3) 
1/16 1.5875 16 . 69 7 . 9721 
3/32 2 .38125 55 . 93 7.9115 
1/8 3 .175 130 . 85 7 . 8078 
5/32 3 . 96875 240 .59 7 .3504 
The fall velocity and corresponding fall height for each 
ball bearing was calculated using a Fortran program (see 
Appendix 1) written by Chow (1979) . The program uses the 
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Runge-Kutta method for solving fourth order simultaneous 
differential equations where a small time increment (t=0.02 
seconds) is used to calculate the velocity and fall height of 
a steel sphere at time t based on those at time ti. The 
program calculates the velocity and fall height of the ball 
bearings falling through an atmosphere having a density of 
1.20 kg/m3, pressure of 760.0 mm Hg, kinematic viscosity of 
1.51E-05 m2/s, and temperature of 20.0°C (Roberson, 1980). 
The drag coefficient equations used in the program were 
derived from those presented by Clift et al. (1978). The 
program was written to interpolate velocity values based on 
the desired fall height values (0.2 to 8.0 meters at 0.2 m 
increment) because it was necessary to determine the velocity 
of the ball bearings at fixed fall heights. The program then 
calculated the kinetic energy and the momentum of the falling 
ball bearings for the desired fall heights. The fall height, 
velocity, kinetic energy and momentum values were then loaded 
into a separate data file for analysis. 
In order to ensure that the ball bearings' fall path and 
potential target area would be consistent throughout the 
calibration procedure an electromagnetic mechanism was used to 
drop the ball bearings onto the impact sensor. The 
electromagnetic mechanism (see Figure 4; referred to as the 
magnetic drop stand in the text) was constructed from a 9.0 
VDC relay coil, an LED (to indicate the circuit's ON-OFF 
state), a rocker switch, and a 9.0 volt battery. The relay 
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coil1s core would become magnetized when the coil was 
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Figure 4: Magnetic drop stand. 
could then be placed against the coil's core (facing downward) 
where it would be held by the coil's magnetic force. The 
circuit was then opened causing the coil's magnetic field to 
break down, thus releasing the ball bearing to gravitational 
force. 
The relay coil's core has a magnetic surface 6.0 mm in 
diameter which implies that the potential target area of a 
ball bearing released from the coil would also have a diameter 
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of 6.0 mm. The coil's potential target area was decreased by 
limiting the coil's magnetic surface diameter from 6.0 mm to 
2.38125 mm (1/8 inch). The coil's potential target area was 
limited by wrapping a 3 X 1/2 inch section of 1/32 inch thick 
neoprene around the coil. A 1/8 inch diameter hole was 
punched in the center of the neoprene, about 11/4 inches from 
the edge of the strip. The 1/8 inch diameter hole was 
positioned over the coil's magnetic surface. The strip was 
then wrapped around the coil and fastened with a wire twist-
tie. 
The relay coil, LED indicator, ON-OFF switch, and 9.0 
volt battery were all mounted on a 1-1/2 X 1-1/2 X 1 inch PVC 
tee connector. The tee connector was mounted on a stand made 
of 1-1/4 inch PVC pipe. The tee's vertical position could be 
varied along the stand's vertical tube (see Figure 4) by two 
wing-nut fasteners which were anchored in the tee. The base 
of the stand was filled with concrete to minimize stand wobble 
and to keep the stand from falling over. 
Temperature Stability and Variation of Impact Surface 
Sensitivity 
The instrument's temperature stability was tested prior 
to the calibration procedure by analyzing the instrument's 
responses to the same ball bearing and fall height conditions 
in two temperature extremes. The instrument was first tested 
in the basement of a house where the air temperature was 
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21.0°C. The instrument's temperature was allowed to equalize 
with the surrounding air for thirty minutes before the test 
was started. Thirty readings were recorded from the 
instrument given a 3/32 inch ball bearing falling a distance 
of 1.0 meter and striking the center of the impact sensor. 
The instrument was then moved outside of the house where the 
air temperature was 37.0°C and the test was repeated. The 
results are shown in Appendix 2. The means and standard 
deviations for the 21.0°C and the 37.0°C tests were 803.2, 
5.307119 and 802.6, 6.240027, respectively, with a 0.074% 
difference between the sample means. The results of the tests 
were nearly identical, suggesting that the instrument would 
respond consistently between the temperatures of 21.0°C and 
37,0°C. 
The impact sensor was next tested for variations of 
sensitivity across the sensor's impact surface. X-Y axes were 
drawn on the impact plate with the axes' origin at the center 
of the impact plate. Test points were then marked at 10.0 mm 
increments from the origin, producing a total of sixteen test 
points. A 3/32 inch ball bearing was dropped onto each of the 
sixteen points ten times from a height of 1.0 meter above the 
impact plate. The average instrument reading from each 
peripheral test point were then compared to the average of the 
instrument readings at the center. The percent difference 
between the center and the peripheral average instrument 
readings were calculated and subtracted from one-hundred. The 
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results of the analysis (see Figure 5 and Appendix 3) revealed 
a general, negligible outward decrease of instrument response 
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Figure 5: Impact sensor surface sensitivity variation. 
Calibration Procedure 
The instrument was calibrated in the south stairwell of 
the Environmental Sciences and Technology building on Western 
Kentucky University's campus. The instrument and the magnetic 
drop stand were placed on the floor of the stairwell for fall 
heights 0.2 to 1.4 meters. The drop stand was set on top of 
a five-gallon bucket for fall heights of 1.6 and 1.8 meters. 
For fall heights greater than 1.8 meters the drop stand was 
placed on a stair or on a landing within the stairwell such 
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that ball bearings would fall in the opening that exists 
between the opposing flights of stairs. The bearings were 
aimed at the center of the impact sensor by trial and error 
for fall heights 0.2 to 1.8 meters. For fall heights greater 
than 1.8 meters, a fishing line with a metal weight attached 
to the free end was used to align the drop stand with the 
center of the impact sensor. The target alignment was then 
checked by dropping a ball bearing onto the target and 
visually verifying the alignment. The horizontal position of 
the drop stand was then adjusted to properly align the drop 
stand with the center of the impact sensor if it was 
necessary. 
For all prescribed fall heights and ball bearing 
conditions a ball bearing was dropped onto the center of the 
impact sensor ten times and each of the instrument's responses 
were recorded. The instrument was manually reset to zero 
after each ball bearing impact for fall heights less than (but 
not including) 2.0 meters. The instrument was reset to zero 
using a Futaba radio control system for fall heights greater 
than 1.8 meters. The average and the percent error of the 
readings around the average were calculated for the ten 
observations recorded for each ball bearing and fall height 
condition (see Appendix 4) . The resulting average percent 
error of the calibration procedure was +1.182% and -1.283%. 
The average instrument readings were then plotted against 
their corresponding momentum values to generate a calibration 
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Figure 6: Instrument calibration curve. 
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curve (see Figure 6) . The calibration curve effectively 
consists of two semi-linear functions connected end to end at 
an inflection point. The shape of the curve is probably a 
result of the speaker's mechanical characteristics and of the 
speaker cone's limited range of movement. 
A Fortran program was then written to interpolate 
momentum values for instrument readings which fell between the 
known instrument reading-momentum relationship (see Appendix 
5) . A regression analysis was performed on the upper and 
lower limbs of the calibration curve to generate linear 
equations. The linear equations were incorporated into the 
Fortran program to estimate momentum values for instrument 
readings that may be above or below the instrument's 
calibrated range. The instrument's calibrated range spans the 
instrument readings from 72 to 1849 which corresponds to 




In order to test the instrument and the proposed 
hypotheses a field study was carried out on separate stands of 
deciduous trees and evergreen trees located in Benton County, 
Tennessee. The field study was conducted during September 
1995. This chapter describes the study sites and the methods 
used to randomly select the sample trees, measure the canopy 
height, collect throughfall drop and raindrop impact data, and 
convert the instrument readings into units of momentum 
(g*m/s). 
Field Study Site Description 
The field study site was located between the Big Sandy 
River (on the west) and the Tennessee River (on the east) in 
Benton County, Tennessee, about fifteen miles north of Big 
Sandy, Tennessee and just south of the Tennessee Migratory 
Wildlife Refuge. The property on which the field study was 
conducted is owned by Mr. and Mrs. John U. Estes. The 
majority of the Estes' property is covered by indigenous 
hardwoods, typically consisting of white oak, chestnut oak, 
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pin oak, hickory, and poplar trees. Much of the land 
surrounding the Estes' property is owned and maintained by 
Westvaco, a timber company which plants and harvests loblolly 
pine trees. Some of the Loblolly pine have spread naturally 
onto the Estes' property while other trees have been planted 
to replace hardwoods removed by selective cutting practices. 
The field study site was located at the northern edge of the 
Estes' property (see Figure 7) where both loblolly pine and 
native hardwoods exist as separate stands. 
Evergreen Forest General Characteristics 
The lower canopy height of the loblolly stand was 
typically greater than 10.0 to 11.0 meters above the surface. 
Several of the trees along the stand's northern perimeter had 
lower canopy heights as low as 4.0 to 5.0 meters above the 
surface. Branches that were located between the main canopy 
and the surface were rare, but were usually 4.0 to 5.0 meters 
above the surface, 1.0 to.2.0 meters in length and had very 
few or no needles. Branches within the main canopy were 3.0 
to 5.0 meters in length. Spacing between the trees was 
variable, but the trees were typically 2.5 to 5.0 meters 
apart. Herbaceous ground cover included both loblolly and 
hardwood saplings, various wild flowers, grasses and vines. 
The loblolly and hardwood saplings were sparsely scattered 
within the stand and were typically less than 2.0 meters tall. 
Vines, grasses, and wild flowers covered a large proportion of 
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Figure 7: Field study location map. 
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the forest floor and were typically 40.0 to 50.0 centimeters 
tall. Some vines were as tall as 1.0 meter. The needle layer 
was typically 1.5 to 2.5 centimeters deep but was thin or non-
existent in small areas. The areas where the needle layer was 
thin and bare soil was exposed typically covered areas 1.0 to 
2.0 square meters and could have been the result of the 
activities of deer or coyotes. Dead limbs scattered across 
the forest floor provided some protection to those areas of 
bare soil. Canopy density was subjectively observed to be 
somewhat thin, exhibiting open areas between individual tree 
canopies where rainfall could fall through to the surface. 
All of the mature loblolly pine were approximately 20 to 25 
years old. 
Deciduous Forest General Characteristics 
The lower height of the deciduous forest's main canopy 
was predominantly greater than 6.0 meters above the surface. 
Most trees had small branches (1.0 to 1.5 meters in length) 
below the main canopy, 1.0 to 3.0 meters above the surface. 
The forest consisted of mostly white, chestnut, and pin oak 
trees with poplar and hickory trees scattered amongst the 
oaks. Herbaceous ground cover was minimal and consisted of 
hardwood saplings (0.7 to 1.5 meters tall), vines and small 
wild flowers. The wild flowers, vines, and saplings commonly 
appeared together in small patches covering 2.0 to 4.0 square 
meters. The leaf litter layer at the time of analysis (mid-
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September) was continuous across the forest floor and was 
typically 2.5 to 6.5 centimeters deep. Mature trees were 
typically spaced 2.0 to 6.0 meters apart. The canopy density 
was subjectively observed to be rather thin having openings in 
the canopy where rainfall could pass directly through to the 
surface. 
Random Selection of Sample Trees 
The random sampling method used in this analysis was a 
modified version of the point centered quarter method 
discussed by Causton (1988). The point centered quarter 
method consists of establishing coordinate (x-y) axes around 
the area to be sampled. Random x-y coordinates are generated 
by a random number generator according to the magnitude of the 
axes and plotted within the sampling area. Coordinate axes 
are then established at each random sample point using the 
compass directions or some other means to form a quadrat or 
quad. An individual from the species being sampled which is 
closest to the random point is then selected for each quad for 
a given random point. Thus, each random sample point yields 
four individuals from which data can be collected. 
This analysis sampled the one tree that was closest to 
the random sample point. The x-y coordinates were created by 
a random number generator function on a scientific calculator. 
The randomly generated numbers created by the calculator were 
multiplied by 100 to produce x-y coordinates that would fall 
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within a 100 ft X 100 ft coordinate plane. Consecutive pairs 
of randomly generated numbers determined each x-y coordinate. 
The coordinates were rounded up or down to the nearest foot to 
make field measurements less tedious. 
The coordinate axes were located within the individual 
stands such that the x-axis would cross relatively flat ground 
and would not be disrupted by trees. The origin of the 
coordinate axes was established by sighting a line parallel to 
the northern property line such that the line sight was not 
blocked by a tree. Once the origin of the coordinate axes had 
been established the x-axis was established parallel to the 
northern property line by sighting a line having the same 
azimuth as the northern property line with a compass from the 
origin. The x-axis was indicated on the ground by a section 
of string tied between two steel stakes placed 100.0 feet 
apart. The string was held above the ground cover by the 
stakes. The stakes were anchored with tie-downs to keep the 
string from sagging. The -x-coordinates (abscissa) were then 
measured using a tape measure and indicated on the string with 
masking tape. A line perpendicular to the x-axis was then 
sighted northward from the x-axis for each x-coordinate. The 
lines perpendicular to the x-axis were also indicated with 
sections of string tied between two stakes. The distance of 
each y-coordinate (ordinate) was then measured along the line 
of its corresponding x-coordinate. The intersection of the x-
and y-coordinates defined a random point within the sampling 
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area. All random points were identified with a surveying 
flag. The tree that was located closest to the random point 
was selected as a sample tree and was marked with florescent 
surveying tape. 
Evergreen Sampling Plot 
The five trees that were randomly selected from the 
evergreen stand were all loblolly pine trees. All sample 
trees were within a three meter radius of the tree1s 
associated random sample point. The locations of the random 
sample points within the 100 ft X 100 ft sampling grid are 
shown in Figure 8. Each random sample point's corresponding 
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Figure 8: Random sample point locations: Evergreen forest. 
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Deciduous Sampling Plot 
Three white oak trees and two chestnut oak trees were 
randomly selected from the deciduous stand. All of the sample 
trees were within a three meter radius of the tree's 
associated random sample point. The locations of the random 
sample points within the 100 ft X 100 ft sampling grid are 
shown in Figure 9. Each random sample point's corresponding 
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Figure 9: Random sample point locations: Deciduous forest. 
Measuring the Lower Canopy Height 
The lower canopy height of each sample tree was measured 
in order to show the differences of throughfall drop fall 
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canopies. The lower canopy height of all of the sample trees 
was measured by using a clinometer to measure the angle 
between a horizontal plane and the junction of a tree's trunk 
with its lowest major branch. The angle was measured at a 
distance of 20.0 feet from the tree's trunk across relatively 
flat ground. The tangent of the measured angle was then 
calculated and multiplied by the length of the angle's 
adjacent side, 20.0 feet. The distance from the surface to 
the observer's eye-level (in this case the observer's eye-
level was 5.25 feet) was then added to the product of the 
tangent of the angle and the length of the adjacent side. 
The deciduous trees that were randomly selected for 
sampling all had small foliated branches located between the 
surface and the main canopy. The height of the lowest small 
branch was measured for each of the deciduous sample trees and 
is listed under the 'Low' canopy height heading. The 
evergreen sample trees did not have any small branches located 
between the surface and the main canopy. The estimated forest 
canopy heights and sample tree type are listed in Table 3. 
It must be realized that the lower canopy height 
measurements are approximate and not absolute. The canopy 
height measurements are considered to be approximate because 
some foliated surfaces may exist below the junction of the 
lowest branch and the tree's trunk. Also, it is possible for 
throughfall drops to fall from drip points within the canopy 
above the lower canopy height. 
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Table 3: Sample tree descriptions. 
Type Low High (meters) 
DTI White oak 2 . 34 10 . 15 
DT2 White oak 4 . 31 7 . 91 
DT3 Chestnut oak 4 . 18 10 . 15 
DT4 White oak 2 , .29 10 . 63 
DT5 Chestnut oak 3 . 46 4 . 78 
ET1 Loblolly 14 .38 
ET2 Loblolly 13 . 82 
ET3 Loblolly 15 .29 
ET4 Loblolly 11 . 74 
ET5 Loblolly 15 . 96 
Raindrop Sampling Procedure 
A total of 150 raindrop impact measurements were recorded 
in an area not covered by forest canopy prior to collecting 
the throughfall drop samples. The impact sensor was placed on 
the ground in the same manner that was used while collecting 
the throughfall drop impacts. The instrument reading 
associated with each valid raindrop impact was verbally 
recorded on a portable tape recorder. A separate microphone 
was attached to a microphone boom mounted to a headset such 
that the operator was free to operate the instrument. The 
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instrument's display was reset to zero after each valid 
raindrop impact reading had been recorded. A hand-held 
mechanical event counter was used to keep track of the number 
of recorded raindrop impacts. Water that had collected on the 
impact sensor during the sampling process was removed after 
every four or five raindrop measurements by tilting and 
lightly shaking the impact sensor. 
Each recorded instrument reading was the result of a 
raindrop striking the impact sensor's fiberglass impact plate. 
The impact sensor and the instrument's display were monitored 
concurrently for indications of raindrop impacts. If a 
raindrop was observed striking the impact sensor's foam 
surround or metal frame the resulting instrument reading was 
cleared from the display and not recorded. On several 
occasions, raindrops were observed striking the impact sensor 
without producing an instrument reading. This phenomenon was 
observed twelve times. These null responses were not included 
in the data set as valid instrument readings since the 
instrument did not respond to the raindrop impacts. 
Knowing the general range of the instrument's responses 
to raindrop impacts (instrument readings ranging from 7 to 
177) prior to the collection of the throughfall drop data 
allowed potential raindrop impacts to be eliminated from the 
throughfall drop samples during the throughfall drop sampling 
procedure. Approximately 87% (131 of the 150 recorded 
raindrop impacts) of the raindrop impact measurements had 
68 
instrument readings below 100. Therefore, an instrument 
reading of 100 was arbitrarily assigned as a threshold 
instrument response to water drop impacts collected beneath 
the forest canopies. Therefore, instrument readings less than 
10 0 were not recorded during the throughfall drop sampling 
procedure. Instrument readings below 100 were considered to 
be the result of 
1) raindrops that had fallen through the forest canopy to 
the surface; or, 
2) water drops produced by the splash of throughfall 
drops or raindrops striking the surface near the impact 
sensor; or, 
3) false readings produced by splash drops, throughfall 
drops or raindrops striking the impact sensor's foam 
surround or metal frame. 
One could question the validity of the elimination of 
potential raindrops from the throughfall drop samples by 
pointing out that some throughfall drops could have mass and 
velocity characteristics similar to those of raindrops. 
Therefore, small throughfall drops would be eliminated from 
the throughfall drop samples by falsely assuming that the 
instrument reading was produced by a raindrop or the splash 
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from an impacting raindrop or throughfall drop. However, the 
false elimination of small throughfall drops seems unlikely 
given that the minimum instrument readings of both throughfall 
drop samples were 244 (evergreen) and 288 (deciduous), both of 
which are greater than the arbitrary threshold value of 100, 
and the largest recorded instrument reading for the raindrop 
sample (177) . 
Throughfall Drop Sampling Procedure 
Throughfall drops were randomly sampled from the sample 
trees within the area delineated by the canopy's perimeter 
inward to the tree's trunk. In order to obtain a suitable 
location for the impact sensor, the impact locations of 
throughfall drops falling from the sample tree were observed. 
The impact sensor was then placed on the ground within the 
vicinity of where the observed throughfall drops had struck 
the surface. It was then a matter of waiting for a 
throughfall drop to strike- the impact sensor. 
The location of the impact sensor was changed within each 
tree's sampling area for every four or five throughfall drop 
impacts as the impact sensor was picked up in order to remove 
water that had collected on the impact sensor's surface. 
Water that had collected on the impact sensor was removed 
after every four or five throughfall drop impacts by tilting 
and lightly shaking the impact sensor. 
All of the recorded instrument readings were the result 
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of an individual throughfall drop striking the impact sensor's 
fiberglass impact plate. In order to obtain these results, 
the impact sensor and the instrument's display were monitored 
concurrently for signs of false readings (false triggering) 
and valid throughfall drop impacts. If false readings were 
not cleared from the display the value of the false reading 
could have been added to the next valid throughfall drop 
reading. False triggering of the instrument was usually 
caused by throughfall drops striking the impact sensor's metal 
frame or the foam surround which would cause the instrument to 
display a low value (for example numbers 1 to 50) . False 
readings were usually detected by visually observing a water 
drop striking the impact sensor's metal frame or foam 
surround. False readings were also detected by monitoring the 
instrument's display for low readings during periods when no 
throughfall drops were observed striking the impact plate. In 
order to prohibit a false reading from inadvertently 
increasing the reading of what would be a valid throughfall 
drop impact, the instrument's display was reset to zero as 
soon as a false reading was detected. 
The instrument reading associated with each valid 
throughfall drop impact was recorded using the same procedure 




The instrument readings that were recorded on the audio 
tapes during the data collection were transferred onto paper 
and then into individual computer data files. The instrument 
readings in each data file were read into a Fortran program 
(see Appendix 5) and converted into corresponding values of 
momentum according to the relationship established by the 
calibration of the instrument. The momentum values were then 





The throughfall drop and raindrop momentum sample data 
were analyzed for differences between the sample means and 
between the samples' respective population means. The data 
analysis was performed in the SPSS statistical package and the 
Quattro-Pro spreadsheet. The statistical analysis was guided 
by statistics textbooks written by Conover (1971), Afifi and 
Azen (1979) , Hawkins and Weber (1980) , Rohatgi (1984) , Ott and 
Mendenhall (1990), and Kanji (1993). The SPSS Base and 
Statistics manuals (Norusis, 1990) were also referred to for 
assistance in developing and deciphering the SPSS statistical 
tests. The first stage of the analysis consists of a general 
analysis and comparison of the samples' descriptive statistics 
and frequency distributions. The second stage covers the 
usage of parametric and non-parametric statistical tests. 
Descriptive Statistics 
The descriptive statistics for the raindrop, evergreen 
throughfall drop, and deciduous throughfall drop momentum 
values are shown on Table 4. The raindrop, evergreen 
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throughfall drop, and the deciduous throughfall drop momentum 
samples are referred to as RAIN, EVER, and DECID respectively. 
Table 4: Descriptive statistics of RAIN, EVER, and DECID. 
RAIN EVER DECID 
Sample size (n) 150 150 150 
Mean (g*m/s) 0 , . 028 0 . 602 0 .355 
Variance 0 . 000 0 . 554 0 . 029 
Std Dev 0 , . 013 0 . 744 0 . 172 
Median (g*m/s) 0 . 02364 0 . 29913 0 .30139 
Minimum (g*m/s) 0 . 01497 0 . 07784 0 .08673 
Maximum (g*m/s) 0 . 06466 3 , .41553 0 .70967 
Skewness 1. . 761 2 . 429 0 .510 
Kurtosis 1. . 908 5 , . 169 - 1 . 064 
EVER has the highest mean and maximum value of all three 
samples. RAIN has the lowest mean and maximum value of all 
three samples. Also, DECID's mean and maximum value are 
greater than RAIN'S mean and maximum value. RAIN'S maximum 
value is less than the minimum values of EVER and DECID. 
Thus, the throughfall drops produced by both forest canopies 
have greater momenta than the raindrops that created the 
throughfall drops and that RAIN's distribution is independent 
of both EVER and DECID. A comparison of the sample medians 
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reinforces the relationship between RAIN and both of the 
throughfall drop samples, but not between EVER and DECID. 
The skewness and kurtosis statistics refer to the shape 
of a sample's distribution. If a sample has a perfectly 
normal distribution the skewness and kurtosis values would be 
zero. All three samples have positive skewness statistics, 
EVER having the largest and DECID having the lowest. Both 
EVER and RAIN have positive kurtosis values suggesting that 
the distributions are more flattened than a normal 
distribution, whereas DECID has a negative kurtosis value 
suggesting that the distribution is more peaked than the 
normal distribution. 
The sample frequency distributions are shown on Figures 
10 and 11. Figure 10 is a 3-D histogram created in Quattro-
Pro using a single class interval width. The class interval 
width used in Figure 10 had to be large in order to represent 
all three samples, including EVER's extreme values, on a 
common axis. The use of a large class interval width causes 
RAIN to be compressed into two class intervals which overlap 
with both EVER and DECID. Figure 11 displays RAIN's 
distribution by itself in order to show the detail of the 
sample's distribution. Based upon the visual analysis of each 
sample's frequency distributions and the skewness and kurtosis 
values shown in Table 4, the samples are not distributed 
normally and that the sample means are skewed in the positive 
direction to some degree. All three histograms appear to have 
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Figure 11: Frequency histogram of RAIN. 
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somewhat bi-modal distributions which could be the result of 
the drop's shape at impact (the lower momentum values caused 
by an oblate shape at impact and the higher momentum values 
caused by a prolate shape at impact) , a bi-modal drop size 
distribution, or by a variation of the drops' fall velocity 
due to air turbulence. EVER's histogram is unique in that the 
majority of the observations are clustered at low momentum 
values. Approximately 20 observations comprise the tail of 
EVER's distribution which provides an explanation for EVER's 
large skewness statistic, when compared to those of RAIN and 
DECID. 
EVER contains 2 6 momentum measurements that are greater 
than the largest value in DECID. These 2 6 values are 
considered to be extreme values although all of the values are 
the result of valid throughfall drop impact measurements. 
Figure 10 emphasizes the extreme momentum values in EVER and 
the similarity of EVER's and DECID's distributions at the 
lower momentum values. 
Statistical Analysis 
The throughfall drops have a greater potential to 
displace soil particles than the raindrops based on the 
comparison of the sample means. In order to determine if 
there were any differences between the samples' respective 
population means, a difference of means t test could be 
performed on the data sets. The difference of means t test 
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tests the hypothesis that the population means are different 
from each other based upon the difference between the sample 
means. The results of the test are valid if the sample data 
meet three assumptions (Ott and Mendenhall, 1990) . First, the 
two samples must be independent or drawn from two independent 
populations. Second, the samples must be drawn from normally 
distributed populations . Third, the population variances must 
be equal. These assumptions should be tested prior to 
applying the difference of means t test to the sample data in 
order to avoid falsely rejecting the null hypothesis. Visual 
analysis of the sample data suggest that these assumptions are 
not satisfied. 
The assumption of independent populations was accepted 
given that the evergreen throughfall drop momentum 
measurements were obtained from loblolly pine trees, the 
deciduous throughfall drop momentum measurements were obtained 
from white oak and chestnut oak trees, and the raindrop 
momentum measurements were obtained from free falling 
raindrops collected in an area not covered by the forest 
canopy. 
The assumption of normally distributed populations was 
tested by applying the Kolmogorov-Smirnov (K-S test) one 
sample goodness-of-fit test for a normal distribution to all 
three momentum samples. The K-S test is performed on a case 
by case basis by comparing the sample's distribution function 
(F(x)) to a hypothesized normal distribution function (F (x) ) . 
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The K-S test statistic, D , is the absolute value of the 
' n ' 
maximum difference between the two distribution functions. 
The null hypothesis is stated such that the two distribution 
functions are equal and is rejected when Dn is greater than a 
critical value, Cp, for a given confidence level (Afifi and 
Azen 1979) . The results of the K-S test are shown on Table 5. 
The null hypothesis was rejected at the 99% confidence level 
for all three samples. The samples' corresponding populations 
were not distributed normally. 
Table 5: Kolmogorov-Smirnov one sample goodness-of-fit test. 
Hypotheses: 
Hq: the sample has a normal distribution; 
F(x) = F (x) 
o 
Ha: the sample does not have a normal distribution; 
F (x) * F (x) 
o 
Test statistic: 
Dn = the greatest difference between F(x) and Fo(x). 
C = 1.63//n at the 99% confidence level; 
n ' 
n = 150 for all samples 
Reject H : if D > C , and if P < 0.01 
u
 o n n 
RAIN D = 0.27488, C = 1.63//l50 = 0.133088, P = 0.0000 
n ' n ' ' 
D > C , P < 0.01, therefore H : is rejected. 
n n ' ' o 
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RAIN and its respective population are not normally 
distributed. 
DECID D = 0.14146, C = 1.63//l50 = 0.133088, P = 0.0049 
n n 
D > C , P < 0.01, therefore H : is rejected. 
n n ' ' o -1 
DECID and its respective population are not normally 
distributed. 
EVER D = 0.28181, C = 1.63//l50 = 0.133088, P = 0.0000 
n ' n ' ' 
D > C , P < 0.01, therefore H : is rejected. 
n n ' ' o -> 
EVER and its respective population are not normally 
distributed. 
The assumption of equal population variances was tested 
using Hartley's test for homogeneity of population variances, 
also known as the F-test. The F-test is used to test the null 
hypothesis that the population variances are equal. The F 
statistic is calculated from the ratio of the two sample 
variances such that 
s2 /s2 . . (17) 
m a x m i n 
The test statistic is then compared to a tabulated percentile 
value of the F-distribution (Fa) for a given confidence level 
in order to reject or accept the null hypothesis. The value 
of Fa is determined from the desired confidence level and the 
samples' degrees of freedom such that 
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dfi = - 1 and df2 = n2 - l (18) 
where n is the number of observations in the sample. The test 
statistics are summarized in Table 6. The null hypothesis was 
rejected at the 99% confidence level for all three tests 
indicating that the population variances were not equal. 
Table 6: Hartley's test for homogeneity of population 
variances. 
Hypotheses: 
Hq: the population variances are equal; o±2 = o22 
Ha: the population variances are not equal; ci2 * a22 
Test statistic: 
F = s2 /s2 . 
m a x ' m m 
F = 1.00 at the 99% confidence level for all tests, 
A ' 
given that dfl = df2 = df3 = nn - 1 = 149. 
Reject H : if F > F 
o a 
EVER and DECID: F = 0.554185/0.029423 = 18.835, F =1.00 
' A 
F > F , therefore H : is rejected. a ' o 
The two population variances are not equal. 
RAIN and EVER: F = 0.554185/0.000161 = 3442.142, F =1.00 
' rv 
F > F , therefore H : is rejected. a ' o •J 
The two population variances are not equal. 
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RAIN and DECID: F = 0.029423/0.000161 = 182.752, F = 1.00 
a 
F > F , therefore H : is rejected. 
A' A 
The two population variances are not equal. 
Given that the assumptions of normally distributed 
populations and equal population variances were not accepted, 
the difference of means t test was not performed on the sample 
data. The difference of means t test for unequal variances 
presented a possible alternative test. However, the 
difference of means t test for unequal variances also requires 
that the populations have normal distributions, thus the test 
was not performed on the sample data. 
The Wilcoxon rank sum test is a non-parametric 
alternative to the difference of means t test which only 
requires that the samples be drawn from independent 
populations (Ott and Mendenhall, 1990) . The Wilcoxon test is 
considered to be more conservative than the difference of 
means t test because it examines the location of the sample 
distributions with respect to each other in order to determine 
any similarity or difference between the population 
distributions. The Wilcoxon rank sum test is performed by 
combining the two samples and arranging the values in 
descending order while maintaining each sample's identity. 
Each observation is then assigned a rank. In this case the 
smallest observation was labelled 1 and the largest 
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observation was labelled 300. The ranks assigned to the 
individual samples are then summed. If the rank sums are 
approximately equal then the population distributions are said 
to be identical. If the rank sums are dramatically different 
from each other then the population distributions are said to 
be different (two-tailed test) or shifted to the left or right 
(one-tailed test). The null hypothesis is rejected when the 
test statistic, Z, is greater than a critical value, either 
1.96 at a 95% confidence level or 2.58 at a 99% confidence 
level for a two-tailed test. The raindrop momentum sample was 
compared to both of the throughfall drop momentum samples. 
The two throughfall drop momentum samples were then compared 
to each other. The Wilcoxon rank sum test results are 
summarized in Table 7. The results of the Wilcoxon test 
indicated that both of the throughfall drop population 
distributions were significantly greater than the raindrop 
population distribution. However, the null hypothesis was 
accepted for the test comparing EVER and DECID at the 99% 
confidence level, indicating that the throughfall drop 
population distributions are not significantly different from 
each other. 
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Table 7: Wilcoxon rank sum test. 
Hypotheses: 
Ho: the two population distributions are identical; 
Ha: the two population distributions are different. 
Test statistic: 
Z = T - //T/aT, where T is the sum of the ranks in 
sample 1, 
fiT = (nx * (nx + n2 +l))/2, and 
aT = /((nx * n2 * (nx + n2 +1))/12) 
Reject Ho: if Z > 1.96 {a = 0.05) or if Z > 2.58 (a = 0.01), 
and if SPSS two-tailed P < 0.01. 
EVER and DECID: Z = 1.04958, P = 0.2939. 
H : is not rejected at a = 0.05 and at a = 0.01; the 
o •J ' 
population distributions are identical. 
RAIN and EVER: Z = 14.9755; P = 0.0000. 
Ho: is rejected at a = 0.01; the population distributions are 
different. 
RAIN and DECID: Z = 14.9755; P = 0.0000 
Ho: is rejected at a = 0.01; the population distributions are 
different. 
CHAPTER VII 
RESULTS AND DISCUSSION 
Results and Discussion 
The samples' descriptive statistics suggested that 
1) The throughfall drops from both forest canopies have 
greater momenta than the raindrops that produced the 
throughfall drops sampled in this study. Thus the 
throughfall drops have a greater potential to dislocate 
soil particles on a drop by drop basis. 
2) The maximum value of RAIN is less than the minimum 
values for both of the throughfall drop momentum samples. 
Thus, the raindrop momentum sample distribution does not 
coincide with either of the throughfall drop momentum 
sample distributions. 
3) EVER has the largest sample mean, indicating that the 
evergreen throughfall drops have a greater potential to 
dislocate soil particles than the deciduous throughfall 
drops and the raindrops. Furthermore, the potential to 
dislocate soil particles is greater beneath the evergreen 
forest canopy because small areas of bare soil were noted 
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beneath the evergreen forest canopy, whereas the 
deciduous canopy's leaf litter coverage was continuous. 
4) The frequency distributions of EVER and DECID 
indicated that the samples are similar except for the 
extreme values in EVER. EVER's extreme values skew the 
sample's distribution and account for the large value of 
EVER's mean when compared to the median. 
5) The median values of EVER and DECID are nearly equal. 
If the median is a good indicator of central tendency for 
skewed samples then it is likely that the evergreen and 
deciduous throughfall drop population parameters will 
also be similar. 
The use of parametric and non-parametric statistical tests 
revealed that 
1) All three samples and their respective populations are 
not distributed normally according to the Kolmogorov-
Smirnov goodness-of-fit test. The results of the K-S 
test defeated the use of the difference of means t test 
for unequal variances since the test requires that the 
populations have normal distributions. 
2) The population variances were determined to be unequal 
among the three populations by applying the F-test to the 
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sample data. These results defeated the use of the 
difference of means t test. 
3) The Wilcoxon rank sum test indicated that the raindrop 
momentum population was different from both of the 
throughfall drop populations, thus suggesting that the 
throughfall drop momentum population means are greater 
than the raindrop momentum population mean. The Wilcoxon 
test also revealed that the throughfall drop momentum 
populations were not different from each other. 
The throughfall drops have greater momenta than the 
raindrops. This finding, consistent with previous studies, is 
confusing in the sense that forest canopies are typically 
viewed as protecting soil rather than helping to erode soil. 
However, the result is only detrimental to areas that are not 
protected by the layer of leaf litter, such as those small 
areas of bare soil that were noted beneath the evergreen 
forest canopy. The magnitude of the throughfall drop momenta 
probably serves a useful purpose towards the production of 
soil by mechanically breaking down organic matter beneath the 
forest canopy. 
The throughfall drop sample means are different from each 
other, but, the differences are not statistically significant 
when making an inference about the population means. The 
extreme values present in EVER, however, suggest that the 
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evergreen throughfall drops have a greater potential to 
displace soil particles than the deciduous throughfall drops. 
The average momentum for the evergreen sample was larger 
than the average deciduous throughfall drop momentum due in 
part to the 2 6 extreme values in the evergreen throughfall 
drop data set. The extremes may be significant if they 
displace a substantial amount of soil. More field analysis is 
required to determine the origin and significance of the 
extreme throughfall drop momenta. 
The differences between the throughfall drop momentum 
samples could be best analvzed by determining the amount of 
soil that could be displaced by the given throughfall drops or 
by measuring the total sediment yield for a single storm event 
from two simil ar drainage basins, each covered entirely by 
either deciduous trees or loblolly pine. However, such 
analysis is beyond the scope of this project. 
The evergreen throughfall drop sample's higher erosive 
potential can be extended to the formation of a soil surface 
seal or crust which is caused by small soil particles clogging 
drainage pores in the soil's surface. The formation of a 
crust reduces the soil's permeability and will cause water to 
pond in depressions and on level soil surfaces. A water layer 
on the soil surface will amplify the impact force of falling 
water drops such that more soil can be displaced from the soil 
matrix than without the water layer (peak water drop impact 
forces and soil particle displacement occur when the water 
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layer depth is approximately equal to the equivalent spherical 
diameter of the impacting water drop). Water overflowing from 
the areas of standing water can thus form a small eroded 
channel (rill) which can eventually progress into a trench or 
gully after several storm events. The soil removed from the 
area of standing water and the channel will eventually 
increase the drainage basin's sediment load, contributing to 
stream sedimentation and subsequent erosion of the stream 




The development, calibration, and field testing of the 
instrument were successful. The instrument worked well in the 
field although an instrument having built-in memory and data 
conversion systems would make data collection faster and 
easier. False instrument readings caused by falling water 
drops striking the speaker's metal frame and surround could be 
minimized by placing a conical plastic or aluminum shield over 
the speaker's surround. The shield would have a central 
opening which would expose only the speaker's sensing surface 
to falling water drops. The shield would have to be 
mechanically isolated from the speaker's metal frame so that 
forces of water drop impacts would not be transmitted from the 
shield into the speaker. The shield's design would also have 
to allow water to drain from the speaker's sensing surface. 
The application of the instrument revealed that there 
were small differences between the evergreen and deciduous 
throughfall drop momenta, indicating that the evergreen 
throughfall drops have greater momenta than the deciduous 
throughfall drops. However, the differences between the 
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throughfall drop momentum population means were not 
statistically significant. The instrument also helped to 
reveal that throughfall drops have higher momenta and erosive 
potential than the raindrops that produced the throughfall 
drops. 
The results suggested that 
1) The evergreen throughfall drops have a greater erosive 
potential than the deciduous throughfall drops based on 
the difference between the sample means. Thus, evergreen 
forests may have the ability to produce higher sediment 
yields for a given storm event than a similar drainage 
basin covered by deciduous trees; and, 
2) Throughfall drops have a greater erosive potential 
than the raindrops that were observed in the field study. 
The increased throughfall drop momenta could cause 
accelerated soil erosion beneath and along the perimeter 
of the forest canopies if the surface soil conditions are 
conducive to erosion. 
Further field analysis is required to determine the 
influence of the throughfall drops on soil particle 
displacement and soil erosion beneath and along the perimeter 
of the two forest canopies. Future investigations will also 
consider the differences, if any, between the soil types 
92 
beneath the different forest canopies. A substantial 
difference between the soil types would indicate that one of 
the soil types would be more or less resistant to soil 
particle displacement and subsequent soil erosion. The 
results of such analysis would be particularly interesting 
because small areas of bare soil were noted beneath the 
evergreen forest canopy, whereas the deciduous canopy's leaf 
litter coverage was continuous. Further analysis is also 
required to thoroughly explain the origin of the twenty-six 
extreme momentum measurements in the evergreen throughfall 
drop sample, and the effect that they may have on soil 
particle displacement. 
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APPENDIX 1 
Fortran program used to calculate the fall velocity, 
momentum and kinetic energy of 1/16, 3/32, 1/8, and 5/32 
inch diameter steel ball bearings. 
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C CV.FOR USES THE RUNGE-KUTTA METHOD TO CALCULATE THE 
C FALL VELOCITY OF 1/16, 3/32, 1/8, AND 5/32 INCH 
C DIAMETER STEEL BALL BEARINGS USING A TIME INCREMENT OF 
C 0.02 SECONDS. THE PROGRAM INTERPOLATES THE VELOCITY OF 
C THE BALL BEARINGS FOR 0.2 TO 8.0 METER FALL HEIGHTS AT 
C AN INCREMENT OF 0.2 METERS. THE PROGRAM THEN 
C CALCULATES THE BEARING'S KINETIC ENERGY AND MOMENTUM 
C FOR THE PRESCRIBED FALL HEIGHTS. THE DATA ARE THEN 
C LOADED INTO THE SPEK.DAT DATA FILE. 
C 
C * * * * * * * * * * * * * * * * 
C PAUL D. KIMBLE CV.FOR 




DOUBLE PRECISION MEG(40),MEP(40) 
DIMENSION ZZ (100) , W(100) 
DIMENSION FALL(40),VX(40) 





































C P=QD PF=1.20 FOR 760 MM HG AT 2 0 C 
C 
KV=0.0000151 
V=0 . 0 
Z = 0 . 0 
H=0.02 
T=0 . 0 
G=9.80665 
C=(3.0*PX)/(4.0*DE) 
S = 0 . 0 
C 
c 




















ELSEIF(RE.GT.0.01 .AND. RE.LE.20.0) THEN 
SD=(24.0/RE)*(1.0 + 0.1315*(RE**(0.82 -(0.05*W) ) ) ) 
ELSEIF(RE.GE.20.0 .AND. RE.LE.260.0) THEN 
SD=(24.0/RE)*(1.0+(0.1935*(RE**0.63 05))) 
ELSEIF(RE.GE.260.0 .AND. RE.LE.1500.0) THEN 
SD=10.0**(1.645+(0.1558*(W**2.0) )-(1.1242*W) ) 
ELSEIF(RE.GE.1500.0 .AND. RE.LE.12000.0) THEN 
SD=10.0**( (2.558*W) + (0.1049*(W**3.0) ) - (0.929*(W**2.0) ) 
* -2.4571) 
ELSEIF(RE.GT.12000.0 .AND. RE.LT.44000.0) THEN 
SD=10,0**((0.63 70*W)-(0.0 63 6*(W**2.0))-1.9181) 
ELSEIF(RE.GT.44000.0 .AND. RE.LE.338000.0) THEN 
SD=10.0 * *( (1.5 8 09*W)-(0.154 6*(W**2.0) )-4.3390) 
ELSEIF(RE.GT.338000.0 .AND. RE.LE.400000.0) THEN 
SD=29.78-(5.3 *W) 

















DATA FALL /0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 
* 1.8, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0, 3.2, 3.4, 3.6, 3. 
*4.0, 4.2, 4.4, 4.6, 4.8, 5.0, 5.2, 5.4, 
* 6.2, 6.4, 6.6, 6.8, 7.0, 7.2, 7.4, 7.6, 
DO 20 1=1,40 
DW=FALL(I) 
DO 25 J=l,100 
IF(DW.EQ.ZZ(J)) THEN 
VTZ=W(J) 
ELSEIF(DW.GT.ZZ(J) .AND. DW.LT.ZZ(J+l) 
QX=(DW-ZZ(J) )/(ZZ(J+l) -ZZ(J) ) 
QZ= ( W (J+l) - W(J) ) *QX 























FORMAT(5X,'BEGIN FILE WRITING PROCEDURE') 
OPEN(80,FILE='SPEK.DAT',STATUS='NEW') 











Temperature stability test data. 
101 
T = 21C T = 37C 
FALL 1,0m FALL 1,0m 
BALL 3/32 BALL 3/32 































MEAN= 803.2 802.6 
% DIFFERENCE^ 0.07476 
APPENDIX 3 


















A1 A2 A3 A4 
FALL 1.0m FALL 1.0m FALL 1.0m FALL 1.0m 
BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 









































B1 B2 B3 B4 
FALL 1.0m FALL 1.0m FALL 1.0m FALL 1.0m 
BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 






































































C1 02 C3 C4 
FALL 1.0m FALL 1.0m FALL 1.0m FALL 1.0m 
BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 









































01 D2 03 D4 
FALL 1.0m FALL 1.0m FALL 1.0m FALL 1.0m 
BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 


































































Instrument calibration data. 
105 
106 
FALL 0.2m FALL 0.4m FALL 0.6m FALL 0.8m FALL 1.0m FALL 1.2m FALL 1.4m FALL 1.6m FALL 1.8m 
BALL 1/16 BALL 1/16 BALL 1/16 BALL 1/16 BALL 1/16 BALL 1/16 BALL 1/16 BALL 1/16 BALL 1/16 
P 0.0328 P 0.0462 P 0.0564 P 0.0649 P 0.0723 P 0.0789 P 0.0849 P 0.0905 P 0.0957 = g * m / s 
69 90 117 165 206 238 267 303 330 
71 90 118 171 210 238 270 309 331 
71 91 120 172 212 241 272 312 335 
71 91 120 175 213 246 275 313 336 
72 91 123 178 214 247 276 314 337 
72 92 127 183 216 254 278 316 338 
73 92 127 185 218 256 278 316 338 
73 92 132 185 221 257 279 318 339 
73 93 136 186 222 258 282 319 339 
75 93 136 186 228 262 284 321 340 
72 91.5 125.6 178.6 216 249.7 276.1 314.1 336.3 =MEAN 
4.347826 1.666666 7.350427 8.242424 4.854368 4.915966 3.408239 3.663366 1.90909 NEG ERR 
4.166666 1.639344 8.280254 4.143337 5.555555 4.925911 2.861282 2.196752 1.100208 POS ERR 
FALL 0.2m FALL 0.4m FALL 0.6m FALL 0.8m FALL 1.0m FALL 1.2m FALL 1.4m FALL 1.6m FALL 1.8m FALL 2.0m 
BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 
P 0.1103 P 0.1556 P 0.1901 P 0.2191 P 0.2444 P 0.2671 P 0.2879 P 0.3071 P 0.3251 P 0.342 =g*m/s 
363 590 664 713 797 877 903 938 969 982 
363 592 665 714 797 879 910 939 970 987 
363 594 665 714 797 882 911 940 972 989 
366 594 668 719 799 885 913 941 973 993 
367 595 668 719 801 886 915 941 975 994 
369 596 669 721 804 886 915 946 978 999 
370 597 669 721 804 887 915 948 979 1000 
370 597 669 721 809 889 919 950 981 1001 
371 601 670 725 810 891 921 951 987 1001 
371 601 670 726 812 892 925 951 989 1010 
367.3 595.7 667.7 719.3 803 885.4 914.7 944.5 977.3 995.6 =MEAN 
1.184573 0.966101 0.557228 0.88359 0.752823 0.95781 1.295681 0.692963 0.856553 1.384928 NEG ERR 
1.00735 0.889709 0.344466 0.931461 1.120797 0.745425 1.126052 0.688194 1.197175 1.446364 POS ERR 
FALL 2.4m FALL 2.8m FALL 3.2m FALL 3.6m FALL 4.0m FALL 4.4m FALL 4.8m FALL 5.2m FALL 5.6m FALL 6.0m 
BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 
P 0.373 P 0.4013 P 0.4273 P 0.4514 P 0.4739 P 0.4951 P 0.5151 P 0.534 P 0.5519 P 0.569 =g*m/s 
1006 1033 1052 1071 1095 1110 1126 1147 1171 1185 
1010 1033 1054 1074 1099 1112 1129 1147 1173 1189 
1012 1035 1057 1076 1100 1115 1129 1150 1175 1189 
1012 1036 1058 1077 1101 1116 1129 1152 1175 1190 
1012 1038 1062 1082 1105 1120 1132 1153 1175 1190 
1015 1042 1062 1082 1108 1123 1136 1159 1178 1192 
1016 1045 1065 1083 1108 1123 1136 1160 1179 1196 
1019 1046 1068 1086 1109 1126 1137 1161 1182 1199 
1019 1046 1068 1088 1110 1126 1143 1162 1185 1200 







1080.8 1104.5 1119.8 
0.915032 0.867579 0.882882 
0.758697 0.497962 0.642971 
1134.1 1155.4 1177.8 1193.5 =MEAN 
0.71936 0.732345 0.5807 0.717299 NEG ERR 
0.872938 0.65778 0.611309 0.963552 POS ERR 
107 
FALL 6.4m FALL 6.8m FALL 7.2m FALL 7.6m FALL 8.0m FALL 1.4m FALL 1.6m FALL 1.8m FALL 2.0m FALL 2.4m 
BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 BALL 3/32 BALL 1/8 BALL 1/8 BALL 1/8 BALL 1/8 BALL 1/8 
P 0.5853 P 0.601 P 0.616 P 0.6304 P 0.6443 P 0.677 P 0.7226 P 0.7652 P 0.8055 P 0.8796 =g*m/s 
1198 1207 1219 1237 1252 1295 1323 1344 1352 1372 
1199 1209 1222 1237 1255 1299 1324 1345 1355 1375 
1199 1210 1223 1237 1255 1301 1325 1346 1357 1377 
1200 1219 1225 1239 1259 1301 1326 1348 1358 1379 
1207 1225 1229 1240 1259 1304 1330 1351 1359 1379 
1215 1227 1230 1242 1261 1305 1331 1352 1359 1380 
1215 1227 1235 1245 1265 1307 1334 1353 1359 1385 
1215 1231 1239 1245 1271 1310 1335 1355 1365 1390 
1217 1233 1241 1249 1273 1312 1337 1357 1367 1393 
1219 1239 1241 1250 1273 1315 1337 1358 1369 1396 
1208.4 1222.7 1230.4 1242.1 1262.3 1304.9 1330.2 1350.9 1360 1382.6 
0.868113 1.300745 0.935192 0.412287 0.822683 0.764478 0.544217 0.513392 0.591715 0.772594 
0.877192 1.333115 0.861508 0.636019 0.847659 0.774005 0.511201 0.525575 0.661764 0.969188 
= MEAN 
FALL 2.8m FALL 3.2m FALL 3.6m FALL 4.0m FALL 4.4m FALL 4.8m FALL 5.2m FALL 5.6m FALL 6.0m FALL 6.4m 
BALL 1/8 BALL 1/8 BALL 1/8 BALL 1/8 BALL 1/8 BALL 1/8 BALL 1/8 BALL 1/8 BALL 1/8 BALL 1/8 
P 0.9473 P 1.0095 P 1.0674 P 1.1217 P 1.173 P 1.2215 P 1.2676 P 1.3116 P 1.3536 P 1.394 
1383 1395 1412 1431 1443 1452 1462 1479 1483 1491 
1383 1399 1413 1433 1443 1457 1463 1480 1485 1492 
1387 1399 1417 1433 1447 1457 1463 1483 1489 1495 
1389 1402 1419 1434 1448 1458 1469 1485 1490 1497 
1392 1405 1425 1437 1450 1465 1470 1485 1493 1500 
1397 1412 1425 1439 1458 1467 1471 1486 1499 1501 
1399 1415 1427 1442 1460 1469 1479 1495 1502 1507 
1401 1419 1427 1443 1462 1472 1480 1497 1507 1509 
1402 1419 1429 1445 1463 1472 1483 1499 1509 1510 
1405 1421 1431 1447 1463 1474 1483 1499 1510 1513 
1393.8 1408.6 1422.5 1438.4 1453.7 1464.3 1472.3 1488.8 1496.7 1501.5 
0.780911 0.97491 0.743626 0.51712 0.74151 0.847107 0.704514 0.662609 0.923803 0.704225 
0.803558 0.880306 0.597539 0.597886 0.639746 0.662432 0.726754 0.685115 0.888621 0.7659 
FALL 6.8m FALL 7.2m FALL 7.6m FALL 8.0m FALL 2.4m FALL 2.8m FALL 3.2m FALL 3.6m FALL 4.0m FALL 4.4m 
BALL 1/8 BALL 1/8 BALL 1/8 BALL 1/8 BALL 5/32 BALL 5/32 BALL 5/32 BALL 5/32 BALL 5/32 BALL 5/32 
P 1.4328 P 1.4701 P 1.5061 P 1.5408 P 1.623 P 1.7486 P 1.8645 P 1.9726 P 2.0741 P 2.17 
1497 1501 1516 1522 1544 1575 1600 1628 1652 1679 
1498 1505 1518 1522 1545 1577 1605 1629 1654 1683 
1501 1510 1521 1525 1545 1579 1609 1632 1659 1685 
1502 1512 1522 1525 1549 1580 1610 1633 1663 1685 
1505 1515 1525 1530 1550 1581 1611 1637 1663 1689 
1509 1525 1526 1533 1550 1586 1617 1643 1671 1692 
1512 1526 1528 1535 1555 1587 1619 1644 1672 1699 
1519 1529 1532 1539 1560 1587 1621 1645 1673 1700 
1521 1531 1532 1540 1561 1589 1623 1647 1675 1702 
1523 1533 1532 1545 1563 1591 1623 1649 1677 1704 
1508.7 1518.7 1525.2 1531.6 1552.2 1583.2 1613.8 1638.7 1665.9 1691.8 
=g*m/s 
=g*m/s 
0.781563 1.179213 0.60686 0.630749 0.531088 0.520634 
MEAN 
0.8625 0.657248 0.841404 0.762358 NEG ERR 
0.947835 0.941594 0.445843 0.874902 0.695786 0.492673 0.570083 0.628547 0.666306 0.721125 POS ERR 
108 
FALL 4.8 FALL 5.2 FALL 5.6 FALL 6.0 FALL 6.4 FALL 6.8 FALL 7.2 FALL 7.6 FALL 8.0m 
BALL 5/32 BALL 5/32 BALL 5/32 BALL 5/32 BALL 5/32 BALL 5/32 BALL 5/32 BALL 5/32 BALL 5/32 
P 2.261 P 2.3475 P 2.4302 P 2.5095 P 2.5855 P 2.6587 P 2.7292 P 2.7973 P 2.8632 =g*m/s 
1694 1710 1732 1755 1777 1796 1813 1831 1835 
1701 1715 1737 1756 1779 1799 1819 1835 1839 
1702 1719 1737 1759 1783 1800 1822 1841 1841 
1704 1721 1738 1760 1785 1806 1822 1843 1843 
1708 1723 1738 1764 1789 1808 1825 1846 1847 
1710 1730 1745 1769 1790 1812 1830 1847 1853 
1715 1733 1745 1772 1791 1819 1832 1848 1855 
1719 1735 1753 1773 1795 1821 1833 1848 1857 
1719 1737 1756 1779 1799 1821 1837 1849 1859 
1723 1739 1759 1782 1803 1823 1841 1850 1865 
1709.5 1726.2 1744 1766.9 1789.1 1810.5 1827.4 1843.8 1849.4 =MEAN 
0.914994 0.947368 0.69284 0.678062 0.680922 0.807349 0.794263 0.699071 0.784741 NEG ERR 
0.789704 0.741513 0.860091 0.854604 0.776926 0.690417 0.744226 0.336262 0.843516 POS ERR 
POSITIVE PERCENT NEGATIVE PERCENT 
ERROR ERROR 
4.166666 0.774005 4.347826 0.764478 
1.639344 0.511201 1.666666 0.544217 
8.280254 0.525575 7.350427 0.513392 
4.143337 0.661764 8.242424 0.591715 
5.555555 0.969188 4.854368 0.772594 
4.925911 0.803558 4.915966 0.780911 
2.861282 0.880306 3.408239 0.97491 
2.196752 0.597539 3.663366 0.743626 
1.100208 0.597886 1.90909 0.51712 
1.00735 0.639746 1.184573 0.74151 
0.889709 0.662432 0.966101 0.847107 
0.344466 0.726754 0.557228 0.704514 
0.931461 0.685115 0.88359 0.662609 
1.120797 0.88621 0.752823 0.923803 
0.745425 0.7659 0.95781 0.704225 
1.126052 0.947835 1.295681 0.781563 
0.688194 0.941594 0.692963 1.179213 
1.197175 0.445843 0.856553 0.60686 
1.446364 0.874902 1.384928 0.630749 
0.670479 0.695786 0.815109 0.531088 
0.576923 0.492673 0.677637 0.520634 
0.875953 0.570083 0.922053 0.8625 
0.758697 0.628547 0.915032 0.657248 
0.497962 0.666306 0.867579 0.841404 
0.642971 0.721125 0.882882 0.762358 
0.872938 0.789704 0.71936 0.914994 
0.65778 0.741513 0.732345 0.947368 
0.611309 0.860091 0.5807 0.69284 
0.963552 0.854604 0.717299 0.678062 
0.877192 0.776926 0.868113 0.680922 
1.333115 0.690417 1.300745 0.807349 
0.861 508 0.744226 0.935192 0.794263 
0.636019 0.336262 0.412287 0.699071 






Fortran program used to convert instrument readings into 
units of momentum (g*m/s). 
110 
Ill 
C INSCONV.FOR WILL READ THE INSTRUMENT READING DATA FILES 
C EVER.INS, DECID.INS, AND RAIN.INS, AND THEN CONVERT THE 
C READINGS INTO MOMENTUM VALUES BASED ON THE DATA FROM THE 
C BALL BEARING CALIBRATION CURVE. THE MOMENTUM VALUES 
C WILL THEN BE TRANSFERED INTO DATA FILES EVER.DAT, 
C DECID.DAT AND RAIN.DAT, WHICH CAN BE LOADED INTO QUATTRO 
C PRO FOR ANALYSES. 
C 
C * * * * * * * * * * * * * * * * * * * 
C PAUL D. KIMBLE INSCONV.FOR 





DOUBLE PRECISION INS(68),MV(68) 
INTEGER Q 
WRITE(*,5) 









DO 15 1=1,150 
READ(80,20) DAT(I) 





DO 25 1=1,150 
READ(90,30) DAT(I) 





DO 35 1=1,150 
READ(100,40) DAT(I) 
40 FORMAT(F6.1) 





DATA INS /72.0, 91.5, 125.6, 178.6, 216.0, 249.7, 
*276 .1, 314.1, 336.3, 367.3, 595.7, 667.7, 719.3, 






*1040 0, 1061 7, 1080 8, 1104 5, 1119 8, 1134 1, 
*1155 4, 1177 8, 1193 5, 1208 4, 1222 7, 1230 4, 
*1242 1, 1262 3 , 1304 9, 1330 2, 1350 9, 1360 0, 
*1382 6, 1393 8, 1408 6, 1422 5, 1438 4 , 1453 7, 
*1464 3, 1472 3 , 1488 8, 1496 7, 1501 5, 1508 7, 
*1518 7, 1525 2 , 1531 6, 1552 2, 1583 2 , 1613 8, 
*1638 7, 1665 9 , 1691 8, 1709 5, 1726 2 , 1744 0, 























































0 . 63047, 














































DO 50 J=1,68 
IF(DAT(I).EQ.INS(J)) THEN 
P(I)=MV(J) 





5 0 CONTINUE 
4 5 CONTINUE 
IF(Q.EQ.O) THEN 
OPEN(110,FILE='EVER.DAT',STATUS='NEW' 







DO 65 1=1,150 
WRITE(120,70) P(I) 
















Sample data set. 
114 
ET1 
g*m/s 
0.23263 
2.32582 
0.13704 
0.26762 
0.29269 
0.6359 
0.48434 
0.14775 
0.11364 
0.26459 
0.2447 
0.58932 
0.38162 
1.44516 
0.26183 
0.63035 
0.63865 
0.11285 
0.75931 
0.85801 
3.41553 
0.24801 
0.68624 
0.19033 
0.2563 
0.46397 
3.20988 
0.56744 
0.56526 
1.27214 
ET2 
g*m/s 
0.5257 
0.07784 
0.303 
0.21277 
0.14537 
0.55438 
0.23686 
0.14299 
0.32004 
0.31129 
0.77014 
0.12713 
0.23021 
0.21932 
0.44284 
0.63865 
0.27471 
0.09284 
0.21053 
2.87261 
0.63727 
0.66561 
0.24109 
0.19987 
1.67897 
0.30042 
0.58714 
0.34267 
0.21838 
0.25796 
ET3 
g*m/s 
0.22597 
0.18551 
0.22779 
2.47872 
0.56526 
0.15132 
0.66792 
0.99859 
0.18359 
0.14695 
0.22356 
0.66254 
1.67897 
3.2181 
2.35594 
0.25133 
0.11919 
0.48572 
3.34972 
0.34601 
0.34434 
2.08934 
0.21165 
0.22688 
0.13228 
0.28677 
0.09145 
0.24635 
0.68624 
0.58605 
ET4 
g*m/s 
0.57948 
0.501 
0.23777 
0.20435 
0.22325 
0.79666 
0.16296 
0.17447 
1.05702 
0.64002 
0.09145 
0.67406 
0.0895 
0.34768 
0.12316 
0.30171 
0.10311 
0.29204 
0.65026 
0.26349 
0.16776 
0.14834 
0.11443 
0.22779 
0.23293 
0.65794 
0.29784 
0.36439 
0.24995 
0.18743 
MEAN= 
STD DEV 
VAR= 
ET5 
g*m/s 
0.48434 
0.25796 
0.71327 
0.76343 
1.52132 
0.28535 
0.11919 
0.26183 
0.41931 
2.58866 
0.3871 
0.12713 
0.27968 
2.83971 
0.23202 
0.3396 
0.1644 
0.32761 
0.22144 
0.46207 
0.50379 
0.10405 
2.78986 
2.62966 
0.58823 
0.66485 
0.10594 
0.57948 
0.22325 
0.24608 
0.602363 
0.744436 
0.554185 
DT1 
g*m/s 
0.19987 
0.35604 
0.28465 
0.55438 
0.59807 
0.142 
0.16392 
0.3396 
0.54014 
0.6518 
0.39915 
0.44662 
0.48849 
0.37615 
0.3694 
0.22114 
0.24967 
0.16584 
0.66101 
0.23898 
0.26376 
0.22204 
0.32853 
0.54575 
0.22628 
0.37396 
0.2423 
0.65026 
0.24829 
0.26459 
DT2 
g*m/s 
0.58495 
0.24774 
0.22658 
0.43905 
0.57948 
0.41691 
0.2414 
0.40972 
0.18263 
0.53774 
0.47604 
0.55055 
0.22628 
0.70967 
0.27542 
0.28535 
0.27897 
0.35938 
0.2293 
0.67022 
0.63796 
0.15816 
0.50379 
0.1535 
0.27045 
0.54495 
0.26072 
0.63659 
0.23414 
0.18647 
DT3 
g*m/s 
0.41092 
0.39367 
0.67406 
0.64565 
0.35102 
0.53614 
0.20043 
0.57728 
0.56744 
0.32113 
0.25078 
0.46587 
0.58495 
0.15469 
0.16824 
0.47063 
0.20716 
0.60355 
0.44158 
0.70426 
0.37275 
0.22507 
0.31238 
0.51218 
0.56744 
0.23837 
0.303 
0.58823 
0.44536 
0.41212 
DT4 
g*m/s 
0.48019 
0.618 
0.14299 
0.48295 
0.2516 
0.31348 
0.19818 
0.29526 
0.37396 
0.34434 
0.162 
0.64796 
0.61677 
0.46873 
0.34601 
0.17831 
0.2094 
0.53614 
0.64565 
0.30622 
0.62541 
0.25658 
0.67175 
0.53774 
0.46873 
0.63521 
0.66331 
0.3102 
0.17064 
0.24774 
DT5 
g*m/s 
0.12356 
0.1531 
0.14715 
0.13724 
0.08673 
0.14418 
0.14001 
0.23837 
0.19538 
0.27045 
0.21053 
0.18839 
0.24553 
0.29333 
0.14576 
0.25879 
0.2167 
0.13149 
0.19313 
0.13724 
0.29978 
0.31676 
0.24635 
0.16008 
0.26708 
0.21838 
0.24019 
0.21838 
0.14458 
0.18215 
MEAN= 0.354596 
STDDEV 0.17153 
VAR= 0.029423 
RD 
g*m/s 
0.04041 
0.0296 
0.0231 
0.06466 
0.02174 
0.0296 
0.02879 
0.02472 
0.01686 
0.02228 
0.0613 
0.01795 
0.01984 
0.01497 
0.01876 
0.02391 
0.02283 
0.02011 
0.02445 
0.0277 
0.05762 
0.02581 
0.02526 
0.02445 
0.02039 
0.02364 
0.02418 
0.02283 
0.02689 
0.03422 
RD 
g*m/s 
0.04968 
0.02418 
0.01822 
0.02174 
0.01876 
0.02879 
0.01713 
0.02039 
0.02879 
0.02418 
0.06354 
0.01795 
0.02689 
0.02228 
0.05506 
0.01849 
0.02147 
0.02472 
0.01713 
0.04819 
0.02011 
0.01768 
0.03766 
0.02066 
0.02174 
0.01795 
0.02554 
0.02174 
0.02526 
0.05697 
RD 
g*m/s 
0.06242 
0.02364 
0.06162 
0.02499 
0.02093 
0.02879 
0.02093 
0.01903 
0.02581 
0.02337 
0.02526 
0.02797 
0.01903 
0.06354 
0.0193 
0.02364 
0.02066 
0.02554 
0.02716 
0.01686 
0.01876 
0.02201 
0.02228 
0.01849 
0.02147 
0.05842 
0.0193 
0.02255 
0.02337 
0.04909 
RD 
g*m/s 
0.0315 
0.02418 
0.02011 
0.02499 
0.0193 
0.02554 
0.04789 
0.01524 
0.02554 
0.01849 
0.04938 
0.02635 
0.02201 
0.02011 
0.02364 
0.01957 
0.02283 
0.05506 
0.02201 
0.01768 
0.01957 
0.01686 
0.0231 
0.05954 
0.02554 
0.02147 
0.0193 
0.05713 
0.02581 
0.01876 
MEAN = 
STD DEV 
VAR= 
RD 
g*m/s 
0.03285 
0.01822 
0.04247 
0.01605 
0.02743 
0.02526 
0.02933 
0.02418 
0.03766 
0.02391 
0.02066 
0.02255 
0.05207 
0.02039 
0.02445 
0.05267 
0.01984 
0.02283 
0.02066 
0.02174 
0.01876 
0.02011 
0.02445 
0.02689 
0.02364 
0.01903 
0.01768 
0.02418 
0.02554 
0.06386 
0.027772 
0.012669 
0.000161 
